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ABSTRACT

Laboratory studies were conducted with activated carbon as a catalyst
for oxidation of ferrous iron in coal mine water, Batch tests and
continuous flow tests were conducted to delineate the process variables
influencing the catalytic oxidation and to determine the number and
types of coal mine water to which this process may be successfully
applied.

The following variables influence the removal of iron with activated
carbon: (a) amount and particle size of the carbon; (b) pH, flow rate,
concentration of iron, temperature, and total ionic strength of the
water; and (c) aeration rate, Adsorption as well as oxidation are the
mechanisms involved in iron removal by this process,

An evaluation of this process indicated technical feasibility which would
permit acid mine drainage neutralization using an inexpensive reagent,
such as limestone, The major disadvantage is the cost of the acpivated
carbons since they are rendered inactive after relatively short use by .
apparently irreversible adsorption of iron. This cost appears to be
sufficiently high to prohibit the use of this process for treating coal
mine drainage.

This report was submitted by Bituminous Coal Research, Incorporated in
fulfillment of Project Number 14010GYH under the joint sponsorship of
the Envirommental Protectlion Agency and Bituminous Coal Research, In-
corporated.
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SECTION I

CONCLUSIONS

Studies on the treatment of ferrous acid mine drainage with activated
carbon have led to the following conclusions:

1. A process has been developed whereby ferrous iron can be removed
from acid mine drainasge at low pH with activated carbon. The use of
this process can result in almost complete removal of the ferrous iron.

2. The process essentially consists of streaming the acid mine drain-
age through an aerated column containing a bituminous coal-based acti-
vated carbon. The effectiveness of removal of ferrous iron is dependent
on the amount of carbon used, the water flow rate, and the concentration
of iron in the water.

3. The advantage of this process is that once the ferrous iron has
been removed, the acid mine drainage can be more readily neutralized
using an inexpensive reagent such as limestone.

L, The major disadvantage of the process is that the activated carbon
soon loses its activity by adsorption of the iron on the carbon. This
adsorbed iron cannot readily be removed, for example by an acid wash,
and the relatively expensive activated carbon must be discarded. Costs
for activated carbon alone might range from $62 to $165 for every 1,000
gallons of water treated. The cost would prohibit this process for use
in treating acid mine drainage.

5. The process is limited to waters having a pH below 4.0 but higher
than 2.5. Above pH 4.0, the precipitated iron compounds would physical-
1y clog the column; below pH 2.5, the use of carbon results in a signif-
icant reduction of iron back from the ferric to the ferrous state, which
is the opposite reaction desirable to this process.

6. Of relatively minor importance are the effects on ferrous iron re-
moval of particle size of the carbon, temperature and total ionic
strength of the water, and aeration rate. The surface area of the carbon
and the concentrations of aluminum, manganese, and sulfate in the water
had no effect on iron removal.



SECTION II
RECOMMENDATTIONS

The following additional studies are recommended:

1. Laxrger scale continuous flow tests with activated carbon, includ-
ing neutralization, should be conducted with acid mine drainage to
determine if a lesser degree of iron removal than that used in the
process evaluation would be sufficient to initiate iron removal.
Adequate treatment might still be obtained since treatment with lime-
stone involves additional iron removal as well as neutralization. For
this purpose, treatment at a water flow rate of at least one gallon per
minute is recommended.

2. Examination should be made of an inexpensive method for removing
the adsorbed iron from the activated carbon.

3. Additional tests should be conducted with other materials, such as

coal, instead of activated carbon, and with the use of oxygen rather
than air.



SECTION III

INTRODUCTION

This is the final and summary report on the Envirommental Protection
Agency (EPA) Project No. 14010 GYH activated June 1, 1971, with
financial support from Bituminous Coal Research, Inc., and the
Environmental Protection Agency. The project is based in part on
exploratory work conducted on Pennsylvania Coal Research Board Project
CR-75, activated July 1, 1967, with financial support from Bituminous
Coal Research, Inc., the Pennsylvania Coal Research Board, and the
United Mine Workers of America, and expanded February 7, 1968 with
additional financial support for the program through Grant WPRD 63-01-68
to the Commonwealth of Pennsylvania by the Federal Water Pollution
Control Administration.(1)

Work on the project was conducted according to the BCR Research Program
Proposal RPP-171R, dated November 19, 1970, and the Grant Application,
dated May 18, 1971, both of which were submitted to the Envirommental
Protection Agency. A schedule of work detailing the plan of operation
used on the project was also submitted to EPA on July 7, 1971. The
experimental work was conducted during the period June 1, 1971 to

May 31, 1972.

Obg'ectives

The objectives of the studies conducted in the period covered by this
report were to delineate the process variables influencing the catalytic
oxidation of ferrous iron with activated carbon and to determine the
number and types of coal mine water to which this process may be
successfully applied.

This work is a part of a long-range program being conducted at BCR the
objective of which is to design and develop an improved process, based
on treatment with limestone, for the control and prevention of pollution
of waters by drainage from coal mines.

Nature and Scope of the Problem

The occurrence of acid drainage associated with coal mining has been
well documented.(2) By 1970, over 200 mine water treatment plants were
operating and an additionel 100 plants were in various stages of design
and construction in the state of Pennsylvanis alone as part of the coal
industryt!s vigorous abatement program of constructing water treatment
plants wherever polluting waters might be discharged from active mines
into open streams.(3)



Because of certain conditions, treatment of coal mine water by neutrali-
zation does not always proceed as rapidly as desired. Specifically,
treatment of coal mine water containing iron in the ferrous, Fe'", state
involves oxidation as well as neutralization, and this oxidation is
responsible for generating more acid. The oxidetion and hydrolysis of
each mole of ferrous iron, Fe®', results in a net gain of two moles of
acid, H', to the system as can be seen in the following equations:

F* +1/h oy + H+-> Fe®* +1/2 KO
Fe** + 3 B0 — Fe(OH)s + 30"

The oxidation and hydrolysis of the resultant product of oxidation to a
more insoluble ferric compound, the familiar yellowboy, is responsible
for slowing up the treatment process since the acid produced requires
further neutralization. The problem is particularly acute when lime-
stone is the neutralizing agent (4) since limestone is comparatively
insoluble and a weakly basic material. In a continuous limestone treat-
ment process, the pH rarely increases to as high as 7. Since the rate
of oxidation of ferrous iron increases a hundredfold for every increas-
ing unit of pH (5, 6), that rate canmot be accelerated by pH control
with limestone, as is possible during treatment with lime, soda ash, or
sodium hydroxide. In addition, other processes which might be used for
treatment of coel mine water, e.g., reverse osmosis (7), have exhibited
problems associated with the oxidation of ferrous iron.

The present program of lsboratory investigation was designed to aid in
solving these problems.

Approach to the Problem and Research Procedure

The approach taken to oxidation of ferrous iron in coal mine water with
activated carbon was conceived, for the most part, as a result of two
publications. The first, a 194 patent by Schumacher and Heise (8),
described the preparstion and use of activated carbons to oxidize
"aqueous solutions of salts of metals of variable valency." The second,
a 1965 publication by Thomas end Ingreham (9), described studies of the
rate of oxidation of aqueous ferrous sulfate solutions using activated
carbon as a catalyst. Both were concerned with catalytic oxidation of
leach liquors which routinely consisted of concentrated amounts of iron
in contrast to the more dilute concentrations of iron typicelly found in
coal mine drainage.



As early as 1931, the concept had been tested by Lamb and Elder (10)
using & commercial, stesm-activated, coconut charcoal and later in 1953
by Posner (11) using a catalyst prepared from sugar, FeCls, and urea.
The concept was tested at BCR in 1967 (12) and found to be feasible as
part of the limestone treatment research program (1, 13) and later under
a separate research program, BCR Project No. 2040. Early in 1968, as
part of the limestone treatment program (1), the procedure of preparing
activated carbons for testing was abandoned and commercially available
materials were obtained and tested (14, 15) with favorable results. The
Bureau of Mines, in a limited study (16) conducted in 1969 in coopera-
tion with the Pittsburgh Activated Carbon Division of Calgon Corpora-
tion, confirmed our earlier results.

To delineate the process varisbles influencing the catalytic oxidation
of ferrous iron with activated carbon and thereby achieve one of the
stated objectives of this program, both batch and continuous flow
experiments were conducted. The first part of the program involved the
use of laboratory-prepared synthetic coal mine waters. The latter
portion of the program involved actual coal mine waters to aid in
achieving the other stated objective of the program which was to deter-
mine the number and types of coal mine waters to which this process
might be successfully applied.

Consideration was given early in this project to statistical design
(17, 18, 19) and, more specifically, to sequential analysis (20, 21,
22, 23), and these techniques were used where appropriate to obtain the
maximum smount of useful information from the experimentation.

Process variasbles explored during this study included (a) the surface
area, particle size, and origin of the activated carbons; (b) the pH
and concentrations of iron, aluminum, manganese, and sulfate as well as
the temperature of the mine water; (c) the aeration rate and flow rate
of water through the carbon columns; and (d) the configuration of the
carbon column. The role of bacteria in this process was examined by
(a) analyzing the waters for bacteria which might influence the process
and (b) inoculating some waters or carbons with Thiobacillus
ferrooxidans and/or Thiobacillus thiooxidans.

Procedures used, process variables explored, and conduct of the experi-
ments on this project were selected by mutual agreement between BCR
personnel and the sponsors (EPA) prior to and during the experimental
‘progrem.



SECTION IV

General procedures, including epparatus, materiels, and analytical
proceduves for conducting the experiments and for evaluating the effect
of process variables, are reported here,

Analytical Procedures

Both raw mine water and treated water samples were analyzed routinely
for pH and for ferrous and total iron colorimetrically (24) using
o~phenanthroline and a Hach Chemical Co, Model AC-DR colorimeter.

Iron, aluminum, and mangsnese were determined by emission spectro-
graphic techniques using a Jarrell Ash Model 78-000 1.5 meter Wadsworth
grating or by atomic sbsorption techniques using an Instrumentation
Leboratory Model I1.-153 atomic ebsorption spectrophotometer. Sulfates
were determined gravimetrically. Dissolved oxygen was determined with
a Yellow Springs Model 54 oxygen meter equipped with a Clark-type
membrane~covered polarographic probe,

General. Procedures

The general procedure for condueting the batch experiments was as
follows:

A 16 g portion of activated carbon was placed in a gas washing bottle
with 150 ml of synthetic coal mine water. Air was bubbled at a rate
of 150 ml/min through the carbon-water mixture and the water analyzed
at specified periods of time. Fopr most tests, ferrous iron, Fe°' and
total iron, Fey, &8 well as pH were determined. A sketch of the appa-
ratus used for these experiments is shown in Figure 1. The gas washing
bottles are s standard, off-the-shelf item (Fisher Scientific, Catalog
No. 3-037) consisting of a Pyrex bottle approximately 270 mm overall
height, 350 ml cepacity with a side inlet and fritted disc 60 mm in
diameter at the bottom apd a standard taper (S. T. 24/L40) ground joint
at the top.

The general procedure for conducting the continuous flow experiments
was as follows: ‘

A glass column, 19 in., long x 3 in, inside diameter, was packed with
800 g of Nuchar WV-W, 12 x k4O megh, activated carbon (Westvaco). A
rubber stopper and a plastic screen were used to contain the carbon. A
resexvoir of coal mine water was placed approximately 1,5 ft above the
top of the column. The coal mine water flowed through the column at a
rate of 30 ml/min. Aip, at a rate of 150 ml/min, was introduced by
means of ‘a gas dispersion tube inserted down through the activated

9
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Figure 1. Apparatus for Batch Experiments on
Catalytic Oxidation of Ferrous Iron
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carbon to the plastic screen at the bottom of the column. The wateg;was
analyzed at specified periods of time, usually for ferrous iron, Fe ',
and total iron, FeT, and pH.

A sketch of the apparatus used for most of these continuous flow tests
is shown in Figure 2. Preliminary tests were conducted using a similar
glass column, 22 in. long x 1 in. inside diameter, packed with 80 g of
activated carbon. Tests were also conducted with molded acrylic
columns. Other changes in the procedure and apparatus are discussed
for the individual tests.

To control the flow of compressed air for the experiments, flowmeter-
regulator combinations were mounted on panels. The flowmeters were
Dwyer Instruments, Inc., Visi-Float Model VFA-SSV-PF-21. Each was con- .
nected to a matching Dwyer Model RKA constant differential pressure :
regulator behind the panel. The regulators were preset at 3 psi. The
flowmeters were calibrated and covered the range of 0.1 to 0.5 liters
per minute.

Materials

Activated carbons and corresponding technical information were received
from a number of suppliers. Those carbons used in most of the experi-
ments include Westvaco's Nuchar WV-W, 12 x 40 mesh, and Pittsburgh
Activated Carbon's Filtrasorb 100 and 300, both 8 x 4O mesh. Other
activated carbons will be described as they are used in the experiments.

Synthetic coal mine water was prepared on demand in 15 liter batches.
The "standard" .synthetic used in most tests consisted of a solution of
approximately 250 mg/l of F* added as FeS04 " THaO0 and adjusted to pH
3.0 with sulfuric acid. For other tests, the pH of the synthetic was
changed by addition of different-amounts of acid to the desired pH.

The concentration of iron also was changed ‘in other tests and other
constituents such as aluminum, manganese, and sulfate were added to it.

Two actual coal mine waters were used. One was a discharge from an
abandoned coal mine in Westmoreland County, Pennsylvania, which con-
tained 13 mg/l of F&* and 45 mg/l of Fe, with a pH of 3.0. The other
was a stream sample from a tributary of Eittle Plum Creek in Allegheny
County, Pennsylvania. The concentration of iron varied with the par-
ticular spot chosen for sampling. All sampling points of this stream
were within 3 miles of each other. The concentration of Fe * varied
from 55 to 390 mg/l, total iron from 71l to 535 mg/l and the pH from
2.8 to 4.6 as the stream was diluted by run-off from various sources.

11
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Effect of Variables

Column Design

Preliminary batch and continuous flow tests were conducted to obtain
data for design of activated carbon columns for use on this project.
Carbons of different particle size and three different glass columns,

22 in. x 1 in., 53.5 in. x 1.5 in., and 19 in. x 3 in. (length x inside
diameter) were used in a series of experiments with standard synthetic
coal mine water to establish flow rates of the water through the columns.
The effects of dry versus wet packing, of omitting aeration or aerating
the water exterior to the column, and of aerating by suction on the
effegtiveness of iron oxidation were determined.

¥

Role of Adsorption

To determine the adsorptive capacity of the carbon, 25 ml aliquots of
standard synthetic coal mine water were placed in 500 ml Erlenmeyer
flasks with the following emounts of Nuchar WV-W carbon, 12 x 4O mesh:
0.05, 0.10, 0.15, 0.20, 0.25, 0.50, 0.75, 1.00, 1.25, 1.50, 1.75, 2.00,
2.25, 2.50, 5.0, 7.5, 10.0, 12.5, 15.0, 17.5, and 20.0 g. The flasks
were each agitated for 60 minutes. At the end of this time, the samples
were filtered and analyzed for ferrous iron, total iron, and dissolved
oxygen. The experiment was repeated with Nuchar WV-W carbon, minus 325
mesh. In the duplicate experiment with the powdered carbon, only the
range 0.05 to 2.00 g of carbon was included.

To determine the oxidation state of the iron adsorbed on the carbon, two
10 g samples of Nuchar WV-W carbon, 12 x 4O mesh, were rinsed with 50 ml
of deionized water. One of the samples was placed in 50 ml of standard
synthetic coal mine water; the other, which was used as a blank, in
deionized water. Fach was aerated for 30 minutes, stirred occasionally,
and samples taken for Fe  and Fe,. FEach was removed from the water,
rinsed with 50 ml of deionized water (samples taken of the deionized
water), removed from the water, extracted with 25 ml of hot (80-90C)

6N HC1, and the acid analyzed for Fe’' and Fer.

Batch tests were then conducted according to the general procedure to
determine any differences in the rate of adsorption of ferrous iron,
Fe?* , and ferric iron, Fe3*, on the surface of the activated carbon.
Solutions of 300 ml each of (a) standard synthetic coal mine water and
(b) ferric nitrate containing approximately 250 mg/l of Fe3* were

added to 32 g portions each of Nuchar WV-W carbon, 12 x 40O mesh, in two
600 ml beakers. The carbon samples had each been soaked overnight in
100 ml of deionized water. Each was stirred at a rate of 51 revolutions
per minute (rpm) with identical mixers, and pH, Fe®*, and Fep determined:
at selected intervals for a 24 hour period.

13



Since no attempt was made to control pH in the previously described
batch tests, the tests were repeated and greater pH control was main-
tained during the repeat tests. Nuchar WV-W carbon, 12 x 40 mesh, 32 &
portions for each test, was sosked overnight in 100 ml of deionized
water prior to each test. A new portion of carbon was used for each
test. The pH of each solution was adjusted to the desired value by
adding Hy S0, at the beginning of each test. Each solution was then
added to the carbon portions which were each in separatg+600 ml beakers;
the mixture was stirred at a rate of 51 rpm, and pH, Fe®*, and Fep were
monitored at- selected intervals for 300 minutes. Tests were conducted
at pH 1.0, 2.0, 2.5, 2.7, 3.0, 4.0, and 5.0.

Results of initial tests showed that the pH of the mixture changed more
rapidly if the carbon was agitated slightly; therefore, the mixer was
placed into the carbon at the bottom of the besker. This resulted in
gentle agitation of the carbon without aerating the mixture. Results

of initial tests also demonstrated that the pH was not maintained at
the desired value throughout the test; therefore, the mixture was ti-
trated with H; 80, during the 300-minute test to maintain the desired
value- throughout the test. A concentration of 3N H,S0, was selected for
the ‘titration since the addition of this did not appreciably change the
volume-of the initial solution and, therefore, change the concentration
of iron, yet controlled the pH satisfactorily. It was also discovered
in the initial tests that iron precipitated rapidly from the solution of
ferric nitrate even at relatively low pH. Fresh solutions were then
prepared on the day of the test.

Reduction of Iron

Both batch and continuous flow experiments were conducted with Nuchar
WV-W carbon, 12 x 40 mesh, and a synthetic coal mine water containing

250 mg/1 of ferric iron, Fe®*, added as Fe(NOs )3 ‘9H,0. The pH of this
water was 2.5. The reduction of iron from the Fe®* state to the Feo*

state in the aerated carbon-water systems was determined by analyzing

the water for ferrous and total iron at specified periods of time.

Types of Carbon

Six different carbons having various origins were each used in batch
and continuous flow tests. These include, with their origin in paren-
theses: (a) Barnebey Cheney AE, 4 x 6 mesh (coconut shell); (b) Witco
L x 10 mesh (petroleum); (c) Westvaco Nuchar WV-W, 8 x 30 mesh (bitu~ ’
minous coal); (@) Pittsburgh Activated Carbon BPL, 6 x 16 mesh (bitu-
minous coal); (e) Atlas Darco, 4t x 12 mesh (lignite); ang Barnebey
Cheney 274, 3 x 8 mesh (mineral). B

The batch tests were conducted with standard synthetic coal mine water
according to the general procedure in the gags washing bottles. The
carbon-water mixture was aerated at a rate of 150 ml/min for 120 minutes
Duplicate tests were conducted with the carbon being rinsed with 50 nl .
of deionized water between tests.
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For the continuous flow tests, the general procedure was followed but
40O g each of the same six carbons as were employed in the batch tests
were used. Sufficient quantities of Witco carbon, 4 x 10 mesh, and
Atlas Darco carbon, 4 x 12 mesh, were not available; therefore, a

4 x 16 mesh and a & x 4o mesh fraction, respectively, were used. Syn-
thetic coal mine water flow rate was maintained at 30 ml/min for the
first 120 minutes of each test; at 200 ml/min for an additional 30
minutes; and then at 1600 ml/min until the water sample was exhausted.
In some cases, 1600 ml/min could not be attained due to the nature of
the particular carbon; flow was then set at the maximum attainable.

Statistical Design I

This phase of the research program involved a study of the effects of
particle size and surface area of the activated carbon, as well as
aeration rate and concentration of ferrous iron in the synthetic coal
mine water on removal of iron. To this end, & 2 factorial experiment
was designed to include these variables. The methodology involved in
this factorial experiment was based on a recent publication (18) on
statistically designed experiments. The 16 tests required that two car-
bons be available of the same type or origin with different surface
areas and which could be pulverized to different particle size fractions.
The c?rbons selected were Filtrasorb 100 and Filtrasorb 300 (Calgon -
Corp.

From the results of preliminary tests, 3 ml of 3N H,SO, was selected as
the approximate amount necessary to neutralize 16 g of carbon in 150 ml
of deionized water. All carbons used in the 16 tests were first neutral-
ized by standing overnight in this amount and concentration of acid.
Separate batch and continuous flow tests were conducted. In all cases,
the pH of the two synthetic coal mine waters used for these tests was
adjusted to 3.0 with sulfuric acid.

For the batch tests, the general procedure was essentially followed. A
16 g portion of the selected activated carbon was placed in a gas washing
bo}}:le with 150 m1 of synthetic coal mine water. The concentration of
Fe " in the water was either 100 or 1,000 mg/l depending on the parti-
cular test. The water was analyzed at specified periods of time during
a 180-minute aeration period. Duplicate tests were performed immediately
following the first test for each one of the 16. The carbon was rinsed
with 50 ml of deionized water between duplicate tests.

For the column experiments, the general procedure was essentially fol-
lowed. An 80 g portion of the selected activated carbon was placed in
the 22 in. x 1 in. column. Air, at a rate of either 50 or 500 ml/min
depending on the particular test, was introduced by means of a gas dis-
persion tube at the bottom of the column.a+ Synthetic coal mine water,
containing either 100 or 1,000 mg/l of Fe"  depending on the particular
test, flowed through the column at a rate of approximately 30 ml/min.
Duplicate tests were performed immediately following the first test for
each one of the 16. The carbon was rinsed with 250 ml of deionized water
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between duplicate tests.

Statistical Design II

This phase of the research program involved a study of the effects of
changes in the concentration of several components of the synthetic codl
mine water other than ferrous iron on removal of iron. These additional
components included pH and concentrations of alumitum, manganese, and
sulfate in the synthetic coal mine water, and another o fac’ccrial ex-
periment was designed. The methodology involved in this factarial exper-
iment was identical to that used in the Statistical Design I experiments.
For each of the 16 tests, & fresh quantity of Nuchar WV-W._carbon, ,
12 x 40 mesh, was soaked in deionized water overnight prior to uass. The
synthetic coal mine water conteined approximately 250 mg/l of Fe' ,
added as ferrous sulfate. The pH was either 1.5 or 3.5 depending on the
particular test and was adjusted with HC1l, instéad of K804 as in pre-
vious tests, so that this adjustment would not change the sulfate concefw
tration. The concentration of sulfate in the water was either approxi-
mately 450 mg/l from the ferrous sulfate or approximately 8,000 mg/1
from the ferrous sulfate and the additional améunt added as magnesium
sulfate, MgS0O, *TH 0, depending on the particuler test. The concentra-
tion of manganese was either approximstely 25 mg/l or aspproximately 100
mg/1, added as manganous chloride, MuCly *4H; O, depending on the parti-
cular test. The concentration of aluminum in the synthetic coal mine
water was either approximately 50 mg/l or approximately 200 mg/l, added
as aluminum nitrate, A1(NOs )s *9H, 0, depending on the particulsr test.

Initially, aluminum hydroxide was added to the synthetic coal mine watep
as the source of aluminum but it was observed that this material woula
not solublize readily even at the low pH (1.5) of the test. Aluminum
nitrate was then used. No special precautions such as drying, ete.,
were taken with the chemicals which were added as hydrates. It was
assumed that each chemical contained the exact amount of water of hydrae
tion as specified on the label, although some samples of the same
chemical, e.g. MgSO,TH 0, appeared to be more hygroscopic than others.

Again, separate series of batch and continuous flow tests were conducted.
Each series consisted of 16 tests.

For the batch tests, the general procedure was essentially followed. A
16 g portion of carbon was placed in a gas washing bottle with 150 ml of
the particular synthetic coal mine water and the mikture aerated at a
rate of 150 ml/min for 120 minutes. Duplicate. tests were performeq
immediately following the first test for each of the series of 16 tests
The carbon was rinsed with 50 ml of deionized water between duplicate
tests. In most cases, the concentrations of manganese, aluminum, and
sulfate were also determined. ’

For the column experiments, the general procedure was followed and the

19 in. x 3 in. column and 800 g of activated carbon were used. The
carbon-water mixture was serated at a rate of 150 ml/min and synthetic
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coal mine water was permitted to flow through the column at a rate of
approximately 30 ml/min for a total of 360 minutes. Duplicate tests
were performed on the next day for each test of the series of 16. The
carbon was soaked overnight in the column with deionized water, which
was drained prior to the duplicate test. In most cases, the concentra-
tions of manganese; aluminum, and sulfate were also determined.

AdditionalﬂS#atisticalﬁDesign Tests

The results of:the two factorial experiments lsbeled Statistical Design
I and:IT indicated'that certain®variables-affected or did not affect the
removal of iron with activated carbon.: Tests were conducted only at =
high andlow levels of the selected variables.‘-To more precisely define
the effeét’of these varigbles, additional continuous flow tests were
coniducted. :’ The procedure,: apparatug,and ‘carbons uséd were similar to
those- of . Test No.: .12 of the” contlnuous flow Statistical Design II
experlment .The results- of ¢acli’ of -thesé additional tests were compared‘
with.those of.Tést No. 12:* Thé synthetic coal mine water for Test No.l2
consisted of' approx1mately 250 mg/l of Fet y & high concentration of
aluminum,: 200 mg/l a. low concentration of mangéanese, 25 mg/l a high
concentration of sulfate, 8,000 mg/l, and a high pH, 3.5. Test No." 12
was selectedi!for.comparison purposes because the iron removal was rela-
tlvely constant throughout the duration of that test and because its re-
sults were :reproducible.’

In the first of this series, the effect of pH over-the range 1.5 to 3.5,
the low and high values in the Statistical Design IT experiment, was
examined by conducting tests at pH'1.5, 2.0, 2.5, 3.0, and 3.5. The
first.test at pH'1.5 was not used in the evaluation of pH effect. The
second test at pH-1.5 was used in the evaluation since past tests (BCR
Project -2040). had shown a first test with a fresh sample of carbon to be
different from each of the succeeding ones, and that the second and suc-
ceeding tests gave similar results unt;l ‘the carbon was spent. This was
probably :due to the elution of soluble material present in the carbon
during ‘the first test. - The same 800 g portion of Nuchar WV-W carbon,
12 x 40 mesh, was used in each test of this series. The carbon was kept
overnight betWeen tests in the column filled W1th deionized water.
Tests were conducted in the following sequence: pH 1.5, 1. 5, 3. 5, 2.0,
3.0, 2.5, and, finally 1.5 again. The last test at pH 1.5 demonstrated
thet the carbon performed similarly to the second test at pH 1.5 and was
not rendered inactive during these tests.

Test No. 12 was’ repeated but this time with no’ manganese, no aluminum,
and no sulfate in the synthetic coal mine water., In another series,
sodium chloride replaced the sulfate in' the® synthetlc coal mine water.

In the last of this series, Test No. 12 was again repeated but with no
aeration and with nitrogen instead of air bubbled through the carbon-

water mixture. These tests were" repeated using actual coal mine water
with aeration, no aeration, and with nitrogen or oxygen instead of air.
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Effect of Bed Depth

The effect of depth of the bed of activated carbon on removal of iron
was examined by conducting continuous flow tests using the 19 in. x 3 in.
column according to the genersl procedure with the following exception:
in five tests, the amount of Nuchar WV-W carbon, 12 x 40 mesh, used was
80, 260, 440, 620, and 800 g for a bed depth of 3.5, 9.2, 15.6, 21.9,
and 27.9 cm, respectively. A new portion of carbon was used for each
test. Two tests were conducted with each portion of carbon. The first
of each of the two tests was conducted with a ratio of carbon to total
volume of mine water of 1 g/13.5 ml. In other words, with 80 g of car-
bon used, the first test consisted of flowing 1080 ml of standard syn-
thetic coal mine water through the column. This took 36 minutes at 30
ml/min. The first test with 800 g of carbon was conducted with 10,800
ml of water for a total test of 360 minutes duration. Each of the
second tests was conducted for 360 minutes.

Effect of Column Diameter

The effect of diameter of the column on removal of iron with activated
carbon was examined by conducting a series of continucus flow tests
according to the general procedure with Nuchar WV-W carbon, 12 x Lo
mesh, standard synthetic coal mine water, and three molded acrylic tubes
of 3 in., 4 in., and 5 in. diameter. The tests were repeated using
actual mine water.

Effect of Temperature

To examine the effect of temperature on removal of iron, three continu-
ous flow tests were conducted according to the general procedure with
the 19 in. x 3 in. column, Nuchar WV-W carbon, 12 x 40O mesh, and stan-
dard synthetic coal mine water at temperatures of 12, 21, and 30 C.

Use of Materials Other Than Carbon

In a series of continuous flow tests with the 19 in. x 3 in. column con-
ducted according to the general procedure, activated alumina (Aluminum
Company of America) was used in place of activated carbon with standard
synthetic and actual coal mine waters, and charcoal briquettes (Cunber-
land Charcoal Corporation) were used with standard synthetic coal mine
water.

Tests with Actual Coal Minem‘lWat.ers

Two series of continuous flow tests with the 19 in. x 3 in. column were
conducted, with Nuchar WV-W carbon, 12 x 40 mesh, essentially according
to the general procedure. In the first series, the Tarrs coal mine
water was used. In one test, the concentration of Fe** was supplemented
in the raw water by adding ferrous sulfate to it. In the second series
a stream sample, collected at various points along a tributary of Li‘btlé
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Plum Creek, was used.

Effect of Bac’ceria

Samples of wa."her collected from selected catalytic oxidation experiments
were analyzed for the presence or absence of Thiobacillus ferrooxidans
and Thiobacillus thiooxidans by the Most Probable Number Method. Dilu-
tions of the reaction systems were prepared in Silverman and Lundgren
9K basal salts plus ferrous sulfate or elemental sulfur as the energy
source. Each dilution series was monitored for at least several days
for ba.cterlal activity. The bacterial anaslyses were conducted under the
supems:.on of Dr. Francis W. Liegey, Chairman, Biology Departmen‘t,
Indiana University of Pennsylvania.

Cultures of Thiobacillus ferrooxidans and Thiobacillus thiooxidans were
also obtained from Dr. Liegey and used in combination with the activated
carbon.

Tests with Bacteria-inoculated Water

Active cultures of Thiobacillus ferrooxidans and Thiobacillus thiooxidans
were obtained from Indiana University of Pennsylvania. Both batch and
continuous flow experiments with the 22 in. x 1 in. column were conducted
according to the general procedure with Nuchar WV-W carbon, 12 x 40
mesh, with (a) standard synthetic coal mine water which was inoculated
with Thiobacillus ferrooxidans, (b) standard synthetic coal mine water
which was inoculated with Thiobacillus thiooxidans, and (c¢) standard
synthetic coal mine water which was inoculated with a mixture of
Thiobacillus thiooxidans and Thiobacillus ferrooxidans. In each case,
the cultures were mixed with the standard synthetic coal mine water in a
10:1 water to suspension of culture ratio. The culture was used at the
48-hour growth period, upon recommendation of Dr. Liegey, who stated
that this is the time at which the bacteria are at the peak of their
growth curve.

Tests with Bacteria-inoculated Carbon

For the batch tests, 500 ml of an agueous suspension containing an active
culture of Thiobacillus ferrooxidans was added to 80 g of Nuchar WV-W.
carbon, 12 x 4o mesh, in a gas washing bottle, and the mixture aerated
for 24 hours at a rate of about 50 ml/min, At the end of this time, the
water was decanted from the mixture and replaced with standard synthetic
coal mine water containing ferrous iron as an energy source for the
bacteria. The procedure was repeated three times per week with continuous
aeration for a total of 18 days. Another 80 g portion of Nuchar WV-W
carbon was placed in a separate gas washing bottle. No bacteria were
- added to this carbon. The contents were treated in a manner identical to
the carbon-bacteris, i.e., standard synthetic coal mine water was added
at the same intervals and aeration continued; this carbon system was used
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as a blank for comparison of the results with the carbon-bacteria sys-
tem. After 18 days of this treatment, the synthetic coal mine water
was decanted from each of the carbons and replaced with 150 ml of fresh
standard synthetic mine water. Aeration at 150 ml/min was continued
for 120 minutes. Two 120-minute tests were conducted with each system.

For the first of the column tests, 500 ml of the same aqueous suspension
of Thiobacillus ferrooxidans used in the batch tests was added to ?0 g
of, Nuchar WV-W carbon, 12 x 40 mesh, in the 22 x 1 in. column. This
mixture was aerated at about 75 ml/min for 24 hours. The water was
drained from the bottom of the column and replaced with standard syn-
thetic coal mine water as an energy source for the bacteria. As;inﬁthe '
batch tests, the water was "changed” three times per week and aeration
continued for 18 days. After this time, fresh synthetic mine water was
placed in the column and a test conducted according to the general pro-
cedure for a total of 360 minutes.

To examine the long term effects of the iron-oxidizing bacteria- _
activated carbon combination, the carbon samples which had previously
been treated with Thiobacillus ferrooxidans culture on September 30,
1971, and used in a batch test (80 g) and a continuous flow test (80 g)
on*October 15, 1971, which were just described, were combined in the

19 in. x 3 in. column, "fed" with ferrous sulfate solutions, additional
Nuchar WV-W carbon added to this column in batches of 80 g to a total of
800 g of carbon, and the column aerated continually. Continuous flow
tests were conducted with this column, which still contained iron-
oxidizing bacteria, and with standard synthetic coal mine water. These
tests were conducted on January 5, 1972, approximately two months after-
receipt of the original culture. A sample of the feed water drained from
the column prior to this series of tests was sent to Dr. Liegey at
Indiana University for evidence of survival of the bacteria. Seven tests
were conducted according to the general procedure. Ferrous sulfate '
solution was added and the column aerated between tests to maintain the
activity of the bvacteria.

Effect of Long Aeration Periods Prior to Testing

A series of continuous flow tests in the 19 in. x 3 in. column were con-
ducted .with Nuchar WV-W carbon, 12 x 40 mesh, and with standard synthetic
and actual coal mine waters using a bacteria-inoculated carbon and s
carbon without bacteria to examine the effect on iron removal of aerating
these carbons continually for long periods of time, in this case longer
than one month, prior to their use. Similar tests were conducted using
activated alumina instead of activated carbon. '

Tests with Bacteria-inoculated Cosal

Contimuous flow tests were conducted with the 19 in. x 3 in. column
according to the general procedure with actual coal mine water and coal
being used in place of the ‘activated carbon. The cosl was inoculsted

20



with Thiobacillus ferrooxidans approximately 15 days prior to the
tests and treated in the same manner as was the activated carbon.

Statistical Design III

This phase of the research program involved a study of the effects on
removal of iron from an actual coal mine water of water flow rate, asmount
of carbon, bacteria versus no bacteria, and aeration rate. A 2% factori-
al experiment was designed. The methodology involved in this factorial
experiment was identical to that used in Statistical Design I and II
experiments. For eight of the 16 tests, a fresh gquantity of Nuchar WV-W
carbon, 12 x 4O mesh, was placed in a 19 in. x 3 in. column with deion-
ized water and serated for 24 hours prior to the test. The other eight
of the 16 tests were conducted with a fresh supply of Nuchar WV-W carbon,
12 x 4O mesh, which had been placed in the column and inoculated with a
suspension of Thiobacillus ferrooxidans. A new solution of standard
synthetic coal mine water was added to the column every other day. The
column was then used in a test approximately three weeks after the
original inoculation.

The water flow rate was either 20 ml/min or 80 ml/min, the aeration rate
was either 50 ml/min or 500 ml/min, and the amount of carbon was either
500 g or 1,000 g, depending on the particular test. For the 16 individ-
ual continuous flow tests, the general procedure was followed with the
changes as indicated in the individual tests.

Effect of Water Flow Rate

In the first of this series, a sample of Nuchar WV-W carbon, 12 x 40
mesh, was used in & continuous flow test with a 22 in. x 1 in. column and
standard synthetic coal mine water according to the general procedure.
Then this same carbon was used in a series of tests essentially according
to the general procedure but with water flows of 30, 100, 150, 200, 300,
and 600 ml/min, respectively, for 90 minutes each.

In the second of this series, stream samples, collected at various points
along a tributary of Little Plum Creek, were used. The effect of flow
rate was examined by conducting continuous flow tests with a 19 in. x

3 in, column and Nuchar WV-W carbon, 12 x 4O mesh and at water flows of
30, 60, and 120 ml/min.

In the last of this series, the activated carbons, which were used in the
Stetistical Design III experiment and which contained Thiobacillus ferro-
oxidans, were combined for a total of approximately 6500 g of carbon.
This carbon was placed in a 52 in. long x 5 in, inside diameter molded
acrylic column similar to the other columns used on this project. The
carbon filled this column to a depth of 34 in. The column was fed and
aerated continuelly, similar to other columns containing bacteria, and
then used in five tests with actual coal mine water according to the
general procedure but with water flow rates of 20, 200, 400, 800, and
1600 ml/min.
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SECTION V

RESULTS AND DISCUSSION

Effect of Variables

Past studies (1, 12, 13, 14, 15, 16) established that aeration of low
PH acid mine drainage containing ferrous iron in the presence of acti-
vated carbon resulted in a significant decrease in concentration of
ferrous iron, FEP*, in the water. Aeration of the same quality water
in the absence of activated carbon resulted in no significant change
in concentration of Fe** (See, particularly, Figure 16, p. 64 of Ref-
erence 1). To utilize this information in a practical mine drainage
treatment process, a study of the variables influencing the oxidation
of Fe®* in acid mine drainage was undertaken.

Column Design

Initial tests were conducted with gas washing bottles and with a num-
ber of glass tubes used as columns to obtain information which was
used to design a column or columns for this project. A variety of car-
bons were used in the glass tubes to establish flow rates of the water
through the colwmns under various conditions. Then, the smallest-
diameter column was used in a series of tests with synthetic coal mine
water and activated carbon, Nuchar WV-W, to note the effect of aera-
tion versus no aeration on the effectiveness of the column to oxidize
(remove) iron. These effects were double checked by conducting similar
batch tests with the gas washing bottles. The effects of both the
method of packing the carbon and aeration by suction through the column
were alsoO examined.

Water Flow Rates through Colum--A 22 in. x 1 in. glass column was
charged with 100 g of BPL carbon, 4 x 10 mesh, and then filled with the
standard synthetic coal mine water. With no aeration, flow by gravity
into the top and out of the bottom of the column was 40O ml/min. With
the 6 x 16 mesh BPL carbon, the flow rate was 300 ml/min; with the 12 x
30 mesh BPL carbon, 200 ml/min. There was a direct relationship be-
tween the particle size of the carbon and the flow rate. As expected,
the smaller particles restricted the flow.

Next, a 19 in. x 3 in. glass column was charged with approximately
800 g of Nuchar WV-W carbon, 12 x 4O mesh, and then filled with the
standard synthetic coal mine water. A maximum flow of 1030 ml/min was
obtained with gravity flow. This corresponds to 390 gal/day. With
larger columns and pumped water, it seemed probable that any desired
flow could be obtained.

Effect of Aeration--Three sets of conditions were used in column experi-
ments: (a) the synthetic coal mine water-carbon mixture was not aere
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ated, (b) the water was aerated prior to entering the columm, and (c)
the water-carbon mixture was aerated in the columm.

In the first series, involving no aeration, three separate tests were
conducted with the 22 in. x 1 in. column, Nuchar WV-W carbon, 12 x L0
mesh, and the following flow-rates through the column: 150, 75, and
30 ml/min. On the basis of Fe®*, as monitored during the test, flow
rates of 150 and 75 ml/min were too fast for effective iron removal.
Even at 30 ml/min, the effectiveness of removal falls off drastically
after 30 minutes.

‘Batch tests were conducted to check the results of th§+column tests.
As in the column tests, the oxidation (removal) of Fe* in the non-
aserated systems was unsatisfactory in all cases.

In the next series, the standard synthetic coal mine water was aerated
by means of a gas dispersion tube before it was passed through the
colum. If aeration of the mine water prior to its pgfsing through

- the columm would result in satisfactory removal of Fe , then a sim-
pler column could be designed and utilized for this program. For
these tests, Darco carbon, 4 x 12 mesh, and the 22 in. x 1 in. columm
were used. The water was held and aerated for 3 min and then flow
started through the column at 30 ml/min. Aeration of the water be-
fore it entered the column was continued for the duration of the test.
A duplicate test was conducted using Darco carbon, 4 x 12 mesh, and
an additional one using Nuchar WV-W carbon, 12 x 40 mesh. As in the
case of the tests with no aeration, the effectiveness of these car-
bons decreased after a very short period of time.

Batch tests with Darco and Nuchar WV-W were also conducted to check
the results of the column tests. As in the column tests, aerating
the water prior to contact with the carbon produced unsatisfactory re-
sults in terms of the removal of Fe ' .

In the final series, aeration was carried out by means of a gas 4if-
fuser directly in the column (with appropriate venting of the column).
In duplicate experiments, Darco carbon, It x 12 mesh, and the 22 in. x
1 in. column were used. The flow rate of the synthetic coal mine
water was 30 ml/min and air flow rate was 150 ml/min. Effectiveness
of iron removal with Darco was no better than in the tests with no
aeration and aeration outside of the column. But in similar tests
with Nuchar WV-W carbon, 12 x 40 mesh, the effectiveness was improved.
In these same tests with Nuchar WV-W carbon, either the water was ine-
troduced at the top of the column and air introduced at the bottom
opposite to the flow of the water, or air was introduced at the top
of the column with the water. In the latter case, with no vent at the
top of the column, the air then flowed down through the carbon-water
mixture and out of the bottom of the column. Aerating through the

top was less effective in removing iron than was aerating through the
bottom.
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In the next test, the 53.5 in. x 1.5 in. column was charged with
approximately 400 g of Nuchar WV-W carbon, 12 x 4O mesh. The syn-
thetic coal mine water was introduced at the top of the column at a .
ra;e of 35 ml/min and air introduced at the bottom at a rate of 150
ml/min.

More effective removal of iron was demonstrated with the longer column
containing more carbon, partially due to the higher pH as a result of
the greater amount of carbon. During the test, the iron removal de-
creased with decreasing pH as the carbon contacted more and more water.
This implies oxidation of Fe®' as the factor controlling iron removal
since more iron would be oxidized at the higher pH values. .The rate
of oxidation increases a hundredfold with each increasing pH unit

(5, 6), but adsorption, which might also be influenced by pH, could
not be excluded. ,

Again, to check these results, similar batch tests were performed with
the gas washing bottle. The results of one of these tests and a con-
Xinuous flow test with Nuchar WV-W are presented in Table 1. In the
batch test, the concentration of Fe®* decreased to about 3 mg/l after
10 minutes. The time of contact between water and carbon in the col-
umn was much shorter; therefore, the decrease in Fe®* from the con-
tinuous flow test was not so dramatic as in the batch test. The re-
sults of the batch test, as presented in Table 1, illustrated the

type of effects of activated carbon on Fe®* which led to this project.
Aeration of the same water at the same low pH with no activated carbon
present would have resulted in no change in the concentration of Fe®*
as compared to about 240 mg/l of Fe®" in less than 10 minutes from the
data in Table 1.

Effect of Method of Packing the Column -- The method of packing the.
columm was examined. The column was charged with Nuchar WV-W carbon,
12 x 40 mesh, which had been boiled previously in one liter of de-
ionized water. Filling the column with the carbon-water mixture was
accomplished so that the carbon was immersed in water at all times
prior to the test. Compared to the use of a column which was packed
with dry carbon, using this wet, previously boiled carbon resulted
in more effective removal of Fe®* for about the first 30 minutes of
treatment. After that time, however, the effectiveness of each col-
umn was the same regardless of method of packing.

Effect of Aerating by Suction--A unique column was used by the Bureau
of Mines (16) for short duration batch tests to oxidize ferrous iron
with activated carbon. The size of that column was similar to one
used in this work, the principal difference being that in the Bureau's
tests, the water was pulled down through the column by suction. This
also served to accomplish aeration of the carbon-water mixture. In
the work reported here, the water flows by gravity or can be pumped
into the top of the column; air is introduced into the bottom of the
column and excess air vented through the top. Either configuration
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TABLE 1. PRELIMINARY TESTS FOR EFFECT OF AERATION
ON FERROUS IRON REMOVAL

Continuous Flow Test Batch Test
Time, Experiment No. 433-30 Experiment No. 434-21

min Fe ', mg/i Feor, mg/l
0 251 245
5 10 45
10 23 3
15 39 3
30 6l 2
b5 89 2
60 110 2
75 125 0
90 140 0
105 - 0
120 - o
135 - 0
150 - o
165 - o
180 - o



would present some problems in adaptation to a continuous flow system
as long as some form of aeration is necessary.

The results of a BCR continuous flow test are presented in Table 2 and
compared with the Bureau's results. At the end of their test of 2.6
minutes duration, 98.2 percent of the original Fe®' has been removed.
At the end of 5 minutes in the BCR tests, 96.6 percent of the origi-
nal Fe”  had been removed. But in the BCR tests, which were of a

mich longer duration, there was a gradual decrease in effectiveness of
iron removal with time. There was no difference in effectiveness of
removal of iron when aeration was accomplished by suction.

Role of Adsorption

During the tests on column design which were described in the previous
section, there was also a decrease in concentration of total iron,
Fep, which includes both ferrous, Fe +, and ferric, Fe3+, iron. This
was an indication that adsorption of iron may play a role in the mech-
anism for iron removal since removal by oxidation would result in a
decrease in concentration of Fe°' with no change in concentration of
Fep. Adsorption of Fe** onto the surface of the activated carbon
without oxidation to the Fe® state in an actual treatment operation
might be detrimental to the effectiveness of this method gf iron re-
moval since back-washing of the carbon would redeposit Fe  back to
the stream. Any advantage gained would be in concentrating the iron
and thereby treating a smaller volume of water. Assuming then that
only adsorption and no oxidation had taken place, experiments were
conducted to measure the adsorptive capacity of Nuchar WV-W carbon.

Determination of the Freundlich Adsorption Isotherm -~ Aliquots of
standard synthetic coal mine water and samples of Nuchar WV-W carbon,
12 x 40 mesh, were agitated ag+described in the Experimental section
and the water analyzed for Fe' and Fep. The weight of carbon, M,
and the concentration of Fe°* remaining in solution at the end of 60
mimites, C, were used in the Freundlich adsorption equation (25):

%L-é KC%-
where X = units of Fe°* removed
M = weight of carbon required to remove X
C = concentration of Fe®' remaining in solution
K,n = constants
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TABLE 2. COMPARISON OF BCR AND BUREAU OF MINES RESULTS
OF CONTINUOUS OXIDATION OF FERROUS IRON

BCR Bur. of Mines
Yoo W33 No. €5 (Ref. 16)
Time,
min Fe?*, mg/1 Fe*', mg/1
0 250 830
2.6 - 15
5 6 -
10 50 -
15 83 -
30 122 -
45 143 -
60 153 -
75 148 -
90 163 -
105 163 -
120 166 -
135 167 -
150 168 -
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The equation can also be stated in logarithmic form
X 1
log i log K + o log C

which is the equation of a straight line. The date were plotted, but
a straight line was not obtained, probably because some oxidation
occurred concurrently with adsorption.

The experiment was repeated with the minus 325 mesh fraction of Nuchar
WV-W carbon since the Freundlich equation more properly applies to
powdered carbons. The results were essentially identical.

Adsorption-Acid Extractions--One sample of carbon was treated with 50
ml of standard synthetic coal mine water and a second sample with de-
ionized water as described in the Experlmental sectlon. Originally,
50 ml of the synthetlc contained 24l mg/l of Fe®* or an input to the
system of 12 mg of Fe®*. Carbon containing the adsorbed iron was
washed with hot HCl. Analysis of the ac1d wash accounted for 5.7 mg
of Fe®* ,» Or less than 50 percent of the Fe+ originally used. The
same type of calculation was done with Fegq; in that case, only 60 per-
cent of the total iron was accounted for. It could not be established
from this test whether any oxidation of Fe®* to the Fe3* state accom-
panied the adsorption since, surprisingly, some of the iron remained
on the carbon, even after extraction with hot acid.

The test was repeated and this time the carbon was washed (a) with 25
ml of hot (80-90 C) 6N HCl, (b) again with 25 ml of hot 6N HC1l and

(c¢) a third time with 25 ml of hot 6N HgSO,. The total amount re-
covered by these acid extractions was surprisingly similar to that from
the first experiment. The carbon apparently clings tenaciously to

part of the adsorbed iron.

Comparison of Adsorptlon of Fe®* and Fe®*-- To determine the rates of
adsorption of Fe®* and Fe®* on activated carbon, identical batch tests
were conducted with activated carbon and with solutions of (a) Fe 3+ .
ferrous sulfate adjusted to pH 3.0 with sulfuric acid and (D) Fe®*
ferric nitrate with pH 2.5 without adjustment. A comparison was then
made of the differences between the rate of adsorption of each species.
A plot of the log of concentration of iron versus time from the data
obtained is shown in Figure 3. The differences in the rate of ad-
sorption of each species are evident. In addition, the reasonable
"pit" of the data by the method of least squares to a straight line
indicates that the rate of adsorption in each case is first-order
with respect to the concentration of that particular species,

- d [Fel

-k [Fe]
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Figure 3. Comparison of Rates of Adsorption of Fe2t

and Fe3t on Activated Carbon
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Effect of pH on Adsorption of Fe®* and Fe®* -- The studies just de-
scribed have shqgg that there was a difference between the rate of
adsorption of Fe' and Fe** on the surface of activated carbon., In
those studies, no effort was made to measure the rates of adsorption
from solutions having the same pH or to control the pH throughout the
duration of the tests. In this series of batch tests, pH was con-
trolled throughout the tests. The results of the tests to measure
-the adsorption of Fe * on activated carbon over the range of pH values
most encountered in those actual coal mine waters to be neutralized
are listed in Table 3. It can be seen from the data in this table
that iron was adsorbed more rapidly at the higher pH values.

Thgfe data were then used in developing rate curves for adsorption of
Fe®* by plotting the log of the concentration of Fe®* remaining in
solution versus time for each of the tests at the pH values listed.
These are shown in Figure 4. It can be seen from Figure L that there
was not much difference in the rate of adsorption of Fe** from pH 1.0
to 2.5. There was a substantial increase, though, in this rate be-
tween 2.5 and 3.0. In fact, the test at pH 2.7 was conducted after
this graph was originally drawn and the rate curve for this pH value
was then drawn as anticipated. From pH 3.0 to 5.0 there is a less
rapid but still substantial increase in this rate. From these data,

a process for removal of iron based solely on adsorption of Fe* might
be applicable only to those actual coal mine waters having a pH greater
than 2.5. 1In reality, very few coal mine waters have a pH below 2.5.

The data from Table 3 and Figure 4 were used in the calculation of the
amount of Fe°' adsorbed per hour with pH and these data are plotted in
Figure 5. From this figure the amount of iron adsorbed per hour can
be determined for any pH value over the range 1.0 to 5.0.

The results from tests to measure the adsorption of Fe3* on activated
carbon over the pH range of 1.0 to 5.0 are presented in Table L. fThe
concentration of Fe®' was then calculated by subtracting Fe * and Fer
and these concentrations are listed in Table 5. The data in Table 5
seem to indicate a more rapid adsorption of Fe®* on activated carbon
at pH 1.0, 2.0, and 2.5 than at the higher pH values. Closer exami-
nation of the data in Table 4, however, reveals a substantial re-
duction of Fe®* to Fe®* occurring in the solutions of ferric nitrate
at these low pH values. A Blot of the data in Table 5 showing the log
of the concentration of Fe®' remaining in the solution versus time, as
seen in Figure 6, indicates little differences in the rates of adsorp-
tion of Fe®** at the pH values listed, at least as compared to the
differences shown in Figure U4 for rates of adsorption of Fe®* as af-
fected by pH. The adsorption rates of Fe®* are complicated by the
appearance of Fe®* with time in the ferric nitrate as shown in Table
4. A plot of the log of the concentration of Fe®* in solution versus
time (from Table L4) is shown in Figure 7. There is a strong resem-
blance of this data to that in Figure 4. This indicates that the Fe®*
is produced by reduction of Fe®* at the start of the test and that
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TABLE 3. ADSORPTION OF Fe®* ON ACTIVATED CARBON

. Fe®* Remaining in Solution, mg/1
Experiment  Experiment  Experiment Experiment Experiment  Experiment Experiment

Number Number Number Number Number Number Number

Time, 440-93 4h0-85 1h0-83 Lho.97 1h0-91 4h0-89 4h0-95

min pH 1.0 pH 2.0 pH 2.5 pH 2.7 pH 3.0 pH 4.0 pH 5.0
0 205 23k 231 221 2Ll 237 227
5 179 179 156 91 117 81 ol
10 182 195 159 104 91 68 75
15 188 211 195 120 84 65 55
30 188 201 179 117 62 36 19
b5 195 208 172 120 39 16 10
60 182 172 156 114 36 6 0
90 172 1h3 156 71 23 6 0
120 166 127 1k 55 X 3 0 0
150 156 110 91 . 39 0 0 0
180 140 110 78 26 0 0 0
210 8k 10k 81 19 0 0 0
2Lko 75 101 81 13 0 o} 0
270 68 97 78 6 0 0 o}
300 62 78 75 o] 0 0 0
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Figure 4. Effect of pH on Rate of Adsorption of Fe2t on Activated Carbon




mg/l of Fe2*

ADSORBED PER HOUR

4

200-
17 5-
150-
125-
100
754
50~

25-

Time to mg /|

Reduce | Hnitial Fe2t

Fe2% 1o Fe2+ | Adsorbed
pH | O mg/l |. mg/l | per Hour
1.0 | 22.04 hr 205 8.9
2.0 | 27.49 hr 234 8.5
2.5 | 25.06 hr 231 9.2
2.1 | 672 hr| 221 32.9
3.0 2.73 hr- 244 89.4
4.0 2.06 hr 237 1ns.1
5.0. 111 hr 227 204.5

Bituminous Coal Research, Inc.

2042G37

Figure 5. Effect of pH on Fe2+ Adsorbed
per Hour on Activated Carbon
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TABLE L. ADSORPTION OF Fe®' ON ACTIVATED CARBON. I.

Experiment Experiment Experiment Experiment Experiment Experiment Experiment
Number Number Number Number Number Number Number
Lho-ol Lho-86 Llo-8L 440-98 4ho-g2 440-90 4ho-96

hd L » . . . H oo
pH 1.0 §H2O pH 2.5 §§27 pH 3.0 EHIJ(O ng

Time, Fe Fep Fe Fep Fe Fer Fe Feq Fe Fer Fe Fep et Fer
min_ mg/l mg/l wmg/l mg/l wmg/l mg/l mg/l mg/l wmg/l mg/l wmg/l meg/l mg/l meg/l

0 6 247 0 250 3 2Ly 6 237 0 24h 0 244 0 256
5 211 2h4 172 205 123 185 16 201 16 2ho 10 2hh 19 240
10 185 237 179 218 120 188 3% 188 13 227 10 221 3 221
15 172 2hy 182 227 133 188 ko 198 13 221 0 224 0 231
30 182 256 195 227 1ib0 185 52 185 13 211 0 234 0 221
L5 172 247 192 21k 146 185 ho 192 13 224 0o 227 0 211
60 172 256 iko 208 1k0 185 32 195 10 227 0 221 0 224
90 16 2ho 120 198 143 185 ho 182 3 234 0 234 o 237
120 107 2k o4 188 117 175 32 175 0 227 0 211 o 227
150 o 247 ok 185 ok 166 23 169 0 224 -0 211 o 227
180. 75 247 91 166 81 146 19 159 0 224 0 211 0 221
210 71 234 91 166 65 146 19 162 0. 211 0 221 0 227
2kho 62 24o gk 159 71 1hk9 16 162 0 208 0 234 0 231
270 62 24k 8k 162 7L 16 16 159 0 179 0 224 0 231
300 55 2hh 68 156 | 68 143 16 156 0 133 .0 214 0 237
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Time,
min

10
15
30
60

120

150

180

210

2o

270
300

TABLE 5. ADSORPTION OF Fe®* ON ACTIVATED CARBON II

Fe®* Remaining in Solution, mg/1

pH 1.0  pH 2.0 pH 2.5 - pH 2.7 pH 3.0 pH 4.0 pH 5.0
241 250 okl 231 ol ohh 256
33 33 62 185 224 234 221
52 39 68 152 214 211 218
75 45 55 156 208 22 231
Th 32 u5 133 198 234 221
75 22 39 143 211 227 211
84 68 45 163 217 221 224
ol 78 42 140 231 234 237
137 84 58 143 227 . 211 227
153 81 72 146 22k 211 227
172 75 65 1ko0 22k 21 221
163 - 75 81 143 211 . 221 227
178 65 78 146 208 o3l 231
182 78 75 143 179 224 231
189 88 75 1ko 133 213 237
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Figure 6. Effect of pH on Rate of Adsorption of Fe3t on Activated Carbon
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W?at is plotted in Figure 7 represents the adsorption of this Fe°*
with time on the activated carbon.

From Table L, the concentration of Fe®* produced in 5 minutes by the
reduction of Fe®" was plotted versus the ipitial pH in Figure 8. Tt
can be seen fpgm this figure that more Fe°@ was produced from the re-
&uctiqg of Fe°* at the lower PH values. Again, as in the adsorption
of Fe"" , the pH value of 2.5 is important, since, below that value,
the reduction of iron to the ferrous, Fe® s state proceeds at a rela-
tively rapid rate.

Reduction of Iron

Because of the_unexpected reduction of ferric iron, Fe* s to the fer-
rous state, Fe  , which occurred during the previously described ex-
periments, batch and continuous flow experiments were conducted with

a synthet}c coal mine water containing approximately 250 mg/l of ferric
iron, Fe®, added as ferric nitrate and having a pH.of 2.5.

Batch Tests -- Tests were conducted with 16 g of Nuchar WV-W carbon,
12 x 4O mesh, which had previously been washed with two 20 ml portions
of 6N HC1 and two 20 ml portions of deionized water. Other tests were
conducted with carbon which was not acid-washed and carbon which was
washed with Hy SO, instead of HCl. The results of typical tests are
presented in Table 6. Duplicate tests gave essentialy identical re-
sults. In every instance, Fe®" was reduced to the Fea_ - gtate even
though the experimental conditions, including aeration, would seem
more conducive to oxidation. The acid-washed carbons were more effec-
tive reducing agents in these tests than the carbon that was not acid-
washed. Little difference in effectiveness was noted between carbons
washed with HC1l and HpSO,, although the HCl-washed carbons were slight-

ly more effective reducing agents.

Continuous Flow Tests -- In a manner similar to the batch tests, tests
were conducted with the column and “"ferric" synthetic coal mine water
according to the general procedure. The first test was conducted with
carbon which had been washed with HCl. The resull:s are listae_g in
Table 7. As in the batch tests, reduction of Fe®  to the Fe* state
was observed. The test was repeated with carbon which had not been
acid-washed. The results are also presented in Table 7. This time no
reduction occurred until the relatively basic, soluble portion of the
carbon was removed by elution. Below pH 6, reduction of iron was ap-
parent and continued for the duration of the test. Both the batch and
continuous flow tests resulted in the reduction of Fe®" to Fe°  and the
extent of this reduction was dependent on the pH of the water.

Types of Carbon

8ix different types of carbon having different origins were evaluated
for this process by using each in both batch and contimious flow tests
to relate the type of carbon to effective iron removal.
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TABLE 6., REDUCTION OF TRON. BATCH TESTS.

Experiment No. U3L-56;

Time, Carbon Washed with HCL
min IH Fe®*, mg/1 Fep, mg/l1
o} 2.5 0 27
5 - 158 231
10 - 163 -
15 - 163 227
30 - 194 -
L5 - 205 - 219

60 2.k 201 : 221

Experiment No. U434-58;

Time, Carbon Not Acid Washed
min pH Fe?*, mg/l Ferp, mg/l
o] 2.5 -0 oh7
5 - 127 211
10 - 116 200
15 - 103 185
0 - 85 150
5 - L9 128
60 h,1 4o 115
Experiment No. 434-62;
Time, Carbon Washed with H,S0,
min pH Fe?t, mg/l Fep, mg/l
0 2.5 o . okg
5 - 1hh 215
10 - 148 199
15 - 1h6 198
30 - 143 195
s - 1hs 192
60 2.0 1ko 196

k1



TABLE 7. REDUCTION OF IRON.
CONTINUOUS FLOW TESTS.

, Experiment No. h33—5h;
- Time, Acid Washed Carbon

min pH Feo , mg/l Fe 1
0 . 2.5 1 258
5 2.6 185 250
10 2.9 212 233
15 3.0 215 223
30 3.2 217 228
s 3.2 222 233
60 3.1 228 235
90 2.7 231 256
120 2.6 232 236
150 2.5 230 233

. Experiment No. 433-56;
Time, Carbon Not Acid Washed

min pH Feor, mg/l Feq, mg/l
0 2.5 0 251
5 8.5 0 8
10 7.3 0 5
15 6.3 0 26
30 5.7 95 100
L 5.4 118 158
60 4.9 140 173
90 4.6 200 220
120 4.6 209 233
3.0 220 259

150

4o



Batch Tests -- The carbons used, their origin, and the results of the
batch tests are sumarized in Table 8.

From the results on both Fe&** and Fep remaining after.60 and after

90 minutes in the second test, it can be seen that the bituminous coal-
derived carbons were most effective in removing iron in this series.
Lignite~, petroleum-, and coconut-derived materials were less effec~
tive. The mineral-derived carbon (menufacturer's description) was
completely ineffective.

Continuous flow tests -- The same six carbons used in the batch tests
were also used in continuous flow tests although some particle size
fractions were slightly different than those used in the batch tests,
The data from the continuous flow tests are sumnarized in Table 9 along
with the carbons and their origin. The carbon which removed iron most
effectively during the first 120 minutes of the test, while the flow
rate was 30 ml/min, was a lignite-derived material. The two bitumi-
nous coal-derived carbons were next in effectiveness. These results
are similar to those from the batch tests with the same carbons. In
the batch tests, the lignite-derived material showed a substantial
decrease in effectiveness when the same portion of that carbon was used
in a second test.

After the initial 120 minutes of these tests, the flow was increased
from 30 ml/min to 200 ml/min for an additional 30 minutes; then the
flow was increased to the maximum attainable for each carbon with this
system. Only Darco, 4 x 4O mesh, the lignite-based carbon, and Witco
Carbon, 4 x 16 mesh, restricted the flow through the column. At the
increased flow rates, no carbons removed iron effectively.

From the relatively small differences between et and Fep concentration
for most samples taken during both the batch and continuous flow tests
(See Tables 8 and 9), adsorption of iron seems to be the mechanism in-
dicated for removel of iron during these tests. Removal by oxidation
alone would result in low Fe*' values with little or no change in the
Fen concentration from the originel synthetic coal q%ge water -- in
other words, relatively large differences between Fe" and Fep. A com-
bination of edsorption-oxidation, though, cannot 2? eliminated as a _
possibility since that portion of ﬁye original Fe° concentration which
might have been oxidized to the Fe®' state may possibly also undergo
rapid hydrolysis. The ferric iron compound thus formed could ?e pre-
cipitated even at relatively low pH. Tgf end effect would again be
relatively small differences between Fe'  and Fen concentration, as were

observed during these tests.

In summary, the results of both batch tests and continuous flow tests,
indicate that the bituminous coal-derived carbons were the most effec-
tive carbons for removing iron. The lignite-derived mgteri§l, though
initislly most effective, decreased in effectiveness with time and
restricted the flow through the column.
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Carbon

Barnebey-
Cheney AE

Witeo
Chemical

Westvaco
Nuchar WV-W

Pittsburgh
Activated
Carbon BPL

Atlas
Darco

Barnebey-
Cheney 274

Origin

coconut
shell

petroleun

Jbituminous

coal

bituminous
coal

lignite

mineral

TABLE 8. COMPARISON OF TYPES OF CARBON. BATCH TESTS
First Test** o Second Test**
After After After After After After

Mesh 5 min 60 min 120 min 5 min 60 min 90 min

Size Fe?*% Fem* Fe?*#* Fer* Fe** Fegk Fe®** Feq* FePtx% Feqp¥ Fe®*# Feq
L x 6 229 230 90 101 28 33 240 241 156 173 123 134
b x 10 217 222 73 91 12 32 202 234 134 1 8o 89
8 x 30 189 198 9 23 0 6 202 208 33 36 2 L
6 x 16 190 192 1 17 0 8 195 198 32 39 0 9
L x 12 178 185 1 27 1 2 191 209 70 96 29 34
3x8 o3k 241 240 242 o1 245 2hly 248 238 246 ahly 248

* A1l Fe®* and Fep concentrations are expressed as milligrams per liter (umg/l).
#% With synthetic coal mine water: pH, 3.0; Fe®*, 24l mg/1; Fep 257 mg/l



Carbon

Barnebey-
Cheney AE

Witeo
Chemical

Westvaco
Nuchar WV-W

Pittsburgh
£ Activated
Carbon BPL

Atlas
Darco

Barnebey-
Cheney 274

Origin
coconut
shell

petroleum
bituminous

coal

bituminous
coal

lignite

mineral

* A1l F&®* and Fep concentrations are expressed as milligrams per liter (mg/1).
#% With synthetic eoal mine water: pH, 3.0; Fe®*, 262 mg/1; Fep, 280 mg/l.

TABIE 9,

COMPARISON OF TYPES OF CARBON,

CONTINUOUS FLOW TESTS

Maximum
Flow
Flow Rate, 30 ml/min Flow Rate, 200 ml/min Attainable
After After After After After After
Mesh 5 min¥¥ 60 min 120 min 135 min 150 min 155 min
Size  Fe?** TPep* TFefTx TFert FeP*%x Ferx  Fe?** TFepx FP¥* Fepx  Ft ¥ Forx
hx6 50 88 88 115 138 150 208 252 2ho 253 o008 262
h x 16 20 33 88 117 170 202 239 288 252 278 262 268
8 x 30 25 45 L3 68 115 138 228 250 232 2is5 238 248
6 x 16 75 95 80 103 123 170 205 258 o5 262 o7 265
4 x 4o 30 60 L5 63 90 110 198 212 215 227 o241 262
3x8 220 250 238 265 238 262 238 262 238 262 233 252




Statistical Design 1

Both batch and continuous flow tests were conducted to examine the
effects of particle size and surface area of the carbon as well as
aeration rate and concentration of ferrous iron in the synthetic coal
mine water on removal of iron, whether by oxidation, adsorption, or a
combination of the two. A 2* factorial design was selected. The 16
tests required that an adequate supply of one type of carbon be avail-
able in two distinct and separate surface area ranges and two distinct
and separate particle size ranges. After rejecting the use of many'of~:'
the carbons solicited for this project, either because they did not meet
the criteria established for these particular tests or because the =
properties were not always as represented on the labels, Filtrasorb 100
and Filtrasorb 300 were selected since (a) they are both coal-based '
carbons, (b) the surface area of Filtrasorb 100 is reported to be

800 u° /g, of Filtrasorb 300, 950-1100 r /g, and (c) they were received
in sufficient quantity in 8 x 40 mesh particle size so that an 8 x 10
and a 20 x 4O mesh particle size fraction could be obtained by screening.
The agration rates selected were 50 and 500 ml/min; the concentrations
of Fe** in the synthetic coal mine water (at pH 3.0) were 100 and

1000 mg/1.

A preliminary batch test with Filtrasorb 100 conducted according to the
conditions of one of the 16 factorial tests resulted in the synthetic
coal mine water having a pH of 6.9 after one 2-hour test and 7.8 after a
duplicate test. In each case there was no Fet remaining in solution.
Similar results were obtained with Filtrasorb 300. Since oxidation is
dependent on pH (5, 6) and this process as envisioned involves oxidation
at low pH, a high pH caused by the relatively basic, soluble portion of
these carbons would result in precipitation of the iron and fouling of
the carbon and could not be tolerated in this system. In addition, con-
tinuous trestment would soon result in the soluble portion of the carbon
being removed. The resultant carbon would be of a different nature and
react differently toward this process.

To alleviate this problem, it was decided to neutralize the basic
portion of the carbon by an acid wash before use. This was done reluc-
tantly since past experience (BCR Project No. 2040) had shown that the
adsorption-oxidation effects from an acid-washed carbon can be quite
different from those effects from a carbon which has not been acid
washed. Thus, on the day prior to each test, the carbon to be used was
immersed in deionized water comtaining 3 ml of 3N HzSC,. For each test,
a fresh sample of carbon was used.

Since past tests (BCR Project 2040) had shown a first test with s fresh
sample of carbon to be different from each of the succeeding ones, and
that the second and succeeding ones gave similar results due to the
elution of soluble material present in the carbon during the first
test, two successive tests were performed with each carbon in both the
batch and continuous flow series. In each case only the second test was
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evaluated, since equilibrium had probably been reached by that time and,
therefore, this second test would be more representative of actual per-
formance of that particular carbon.

Batch Tests -- The data representing the batch tests are sumarized in
Table 10. TFor ease of interpretation, the four separate variables are
identified, with the high and low level of each varisble being repre-

sented by + and - signs respectively.

The: data in Table 10.were employed more fully in the calculation of
main effects and varisble interactions for each of the four responses.
For this.purpose, & codified design and calculation matrix, shown in
Table 11, was used. The derivation of this matrix is described by
Davies.(19) The positive or negative signs for veriable interaction
were obtained simply by algebraic multiplication for the signs of each
single varisble involved in the interaction. Main effects and inter-
actions were calculated by multiplying the response values from Table 10
by the corresponding effect elements from Table 11, summing the results,
end dividing by 8. The resulting value for single variables is also
sometimes designated as an average effect, since, for two levels of the
variable only, it is simply the difference between the average response
to all tests conducted at the first level of the variable and that of
all tests at the second level. If the effect of one variable changes
at different levels of another variable, the two variables are said to
interact. The relative importance of the variable or variables in
question is reflected by the absolute magnitude of the calculated main
effect or interaction., First-order (two variable) interactions are
sometimes easy to interpret in terms of the physical behavior of the
system. Second- and higher-order interactions are often less readily
understood, and are often of minor significance in any case.

The main effects and interactions obtained in the manner described
above are listed in Table 12. The calculations were less time-consuming
since a computer program was employed., This enabled the evaluation of
additional responses in this and in subsequent experiments. As stated
before, only the second test of a series was evaluated since the results
of these second tests are felt to be representative of the performance
of the carbon after the soluble material present with the carbon has
been removed.

As shown in Table 12, the main effects and interactions for each
response are grouped according to the number of variables involved end
are listed in order of decreasing absolute megnitude in each group.
For the batch tests, the data indicated that the most significeant
varisble affecting percent Fe®t removed was Variable Ui, concentration
of Fe®t in the originel water. The negative sign for that main effect
simply meant that the Fe®' was removed more effectively at the lower
level of Fe°' concentration (100 mg/l in this test). This effect was
particularly apparent when one compares the results of Test 1 through
Test 8 with the results of Test 9 through Test 16 in Table 10 under the
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TABLE 10, RESULTS OF STATISTICAL DESIGN I EXPERIMENT
ON VARIABLES AFFECTING IRON REMOVAL, BATCH TESTS

Variables¥* Responses
1 2 3 4
Surface Particle Aeration Fe*'Concen- Fe®* Removed, Fem Removed,
Test Area Size Rate tration percent percent
1 - - - - 81 77
2 + - - - 89 86
3 - + - - 62 61
y + + - - 64 59
5 - - + - 82 75
6+ - * - ol 93
7 - + + - T4 70
8 + + + - 82 75
9 - - - + 25 18
10 + - - + 33 30
11 - + - + i9 20
12 + + - + 17 18
13 - - + + T4 60
14 + - + + Lo 36
15 - + + + 39 34
16 + + + + 30 25

*Variable Identification

Levels
Variable + -
Surface Area 950-1100 n® /g 800 m® /g
Particle Size 8 x 10 mesh 20 x L0 mesh
Aeration Rate 500 ml/min 50 ml/min
Fe?* Concentration 1000 mg/1 100 mg/1
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TABLE 11.

CODIFIED DESIGN AND CALCULATION MATRIX

Variable Interactions

123k (L2 (,3) (LY (23) (&8 GN (31.2,3) §,3,2 (1,2 L) (1,3,%) (1,2,3,4)
- - = - + + + + + + - - - +
t - - - - - - + + + + + + -
-t - - - + + - - + + + - -
+ - - + - - - - + - - + +
- -+ - + - + - + - + - + -
+ - 4 - - + - - + - - + - +
-+t - - - + + - - - + o+ +
+ + + - + - + - - + - - -
- - -+ + + - + - - - + + -
+ ~ + - - + + - - + - - +
-+ - + - + - - + - + - + +
+ o+ -+ + - + - + - - o+ - -
- -+ + - - - - + + - +
+ - o+ - + + - - + - - + -
-+ + +, - - - + + + - - - -
+ + + + + + + + + + + C o+ + +



TABLE 12. MAIN EFFECTS AND INTERACTIONS
BASED ON DATA FROM BATCH TESTS

Responses ,
Fe®* Removed, percent Feq Removed, percent
Main Effects Main Effects
and and
Variable(s) Interactions Variable(s) Interactions
Single Variable: Y -43.88 L -4k .38
2 -16.38 2 -14.12
3 15.62 3 12.38
1 - 0.88 1 0.88
Two Variable
Interactions: 1,k - 8.38 2,3 - 8.75
3,k 6.62 1,4 - 6.62
1,3 - 4.88 3,4 .88
1,2 0.62 1,3 - 3.38
2,4 - 0.38 1,2 - 2.88
2,3 0.12 2,4 2.38
Three Variable
Interactions: 2,3,k - 5.88 1,3,4 - T7-38
1,2,3 4.62 2,3,k4 - 5.88
1,2,k 3.12 1,2,3 3.38
1,3,k - 0.7k 1,2,h 3.12
Four Variable
Interactions: 1,2,3,k4 412 1,2,3.4 3.88
Designation of Variables: 1 = Surface area
, 2 = Particle size
3 = Aeration rate
4 = Fe®* concentration
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hegging "Responses". With the single exception of Test 13, the percent
Fe2+ ?emoved was greater in Test 1 through Test 8, at the lower level of
Fe®' in the original water, than in Test 9 through Test 16, at the higher
leYe} of Fei in the water. This indicated contact of the water (con-
taining Fe®¥) -carbon mixture to be extremely important to removal of

Fe®*. The same can be said of the results with perc
ent Fe .
(See Table 10.) p p removed

Particle size and aeratiop>rate"affeéted both removal ‘of Fe®* and of
total iron, Fep (which’'includes both Fe® and Fe®*). The negative value
for particle size (Table 12) indicated more effective iron removal at
the lower level of that particular variable while the positive value for
aeratiqn-rate“indipgted that a higher aeration rate was desirable. The
absolute magnitude’of both of these indicated the influence of particle
size' and aeration rate to be much less than that of Fe®* concentration.
Each, though, again implied that more efficient contact would have re-
sulted in more effective iron removal.: =~

Surface area did not seem to influence the results of the test since the
magnitude of that particular main effect was less than 1. It should not
be surprising that the relatively large iron molecule did not seem to be
affected by a change in the number of relatively small micropores of the
carbon as measured by surface area. There was no significant interaction
between the variables, since the absolute magnitude of the first-order
interactions from these tests did not even begin to approach the'magnitude
of the single variable main effects.

In summary of the batch tests, the concentration of Fe®* in the synthetic
coal mine water was the single most important variable. The most effec-
tive iron removal occurred at the lower concentrations of Fe®*. of
lesser importance were particle size (finer particles for more effective
iron removal) and aeration rate (higher rate for more effective removal).
Surface area was not a significantly affecting variable nor was there ::
significant interaction between variables. All results of the factorial
experiment for the batch tests indicated that more efficient contact of
the carbon-water system would have resulted in more effective iron
removal.

Continuous Flow Tests -- As with the batch tests, continuous flow
(column) tests were conducted with an identical factorial experiment and
evaluated in the same manner. The data representing these continuous
flow tests are summarized in Table 13:. Again, two successive tests were
conducted for each of the 16. For the reasons stated in the discussion
of the batch tests, only the second test was evaluated. The data in
Table 13 were again employed in the calculation of main effects and
variable interactions for each of the 12 responses using the codified
design and calculation matrix already presented in Table 11 and the pro-
cedure as already outlined.
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TABLE 13. RESULTS OF STATISTICAL DESIGN I EXPERIMENT ON VARIABLES AFFECTING
IRON REMOVAL, CONTINUOUS FLOW TESTS,

Varisbles* , : ~ After 5 min After 120 min. After 180 min

1 2 3 4 Feor ‘Ferp Feo' Fer Feo Fep

Surface Particle Aeration }?‘e""-i Concen- Removed, Removed, Removed, Removed, Removed, Removed

] b b ! b 2 b

Test Area _ Size Rate ° tration percent percent percent percent percent percent
1 - - - - 68 62 16 S5 17 10
2 + - - - 82 80 61 43 64 4y
3 - ¥ - - 27 16 18 b 21 6
b + 3 - - 34 23 11 5 11 9
5 - - + - 55 48 45 L 2 13
6 o+ - + - 25 %6 45 b3 61 43
7 - + + - 11 1k 1k 9 17 12
8 + + + - 32 22 15 6 17 S 12
9 - - - + 45 36 22 16 18 11
10 + - - + Th 68 23 16 28 10
11 - + - + 6 5 15 5 15 -5
12 + + - + 22 14 10 5 8 5
13 - - + + 62 55 37 12 39 20
14 + - + + 80 70 38 18 - ko 12
15 - + + + 32 25 5 9. -2 -9
16 + + + + 6

16 12 12 9 .10

¥ Variable Identification

Levels
Variable + -
Surface Area 950-1100 /g 800 m®/g
Particle Size 8 x 10 mesh 20 x 40 mesh
Aeration Rate 500 ml/min 50 ml/min

Fe®* Concentration 1000 mg/1 100 mg/1 -



These main effects are listed in Table 1%. The absolute magnitude of the
valges for the variable interactions were small; therefore, the inter-
actions were judged to be insignificant and the values were not presented
here. TFor these tests, the data indicated that the most significant
variable affecting percent Fe®' and Fe, removed was Variable 2, particle
size of the carbon. The negative sign for that main effect simply meant
that iron was removed more effectively at the lower level of particle
size (20 x 4O mesh in this experiment). Tt is doubtful whether this
effect from particle size would have been particularly apparent had it
not been for the calculation of this main effect as described. In any
event, the absolute magnitude of this, the most significant variable, is
only about one-half of the absolute magnitude of the most significant
variable in the batch tests (Table 12) indicating a degree of importance
for particle size in the continuous flow tests less than that for aera-
tion rate, the most significant variable in the batch tests.

Variables 1 and 4 were similar in their effect on the continuous flow
tests|(exce§t for the first 5 min of a test). The negative sign on
Variable L4 simply meant that more effective .iron removal occurred at the
lower level of Fe®* (100 mg/l in this experiment). The positive sign for
Variable 1 simply meant that more effective iron removal occurred at the
higher level of surface area (950-1100 m®/g). In the evaluation of this
test, it must be pointed out that there was, at times during the test,
not much difference in the absolute magnitude of the main effects and
that the relative importance of the variables changed as the test
progressed. '

It mst-also be pointed out that considerable difficulty was experienced
in maintaining (a) a constant flow and (b) any flow at all during some
of the 16 tests. 1In fact, these tests were completed only by (a) stop-
ping the flow and aerating for 1 minute followed by (b) stopping the
aeration and draining the tube for two minutes. This was necessary in
Tests 2, 5, 6, 10, 13, and 14. Tests 5, 6, 13, and 1k involved the small
particle size carbon and high aeration rate. Tests 2 and 10 also in-
volved small particle size carbon but low aeration rate. The use of the.
carboﬁuhaving high surface area in combination with the aforementioned
conditions made this unusual procedure necessary. The particular set of
conditions resulting in erratic or no flow through the column was not
discovered until well into the tests for this factorial experiment. The
experiment was completed but with reservations concerning the evaluation
of the data. The similarity of the signs (positive or negative) on the
variables from this experiment with those from the batch tests again
ipndicated that more efficient contact should have resulted in more
effective iron removal. In addition, the mechanical difficulties ex-
perienced served to indicate that the column used in these tests was not
adequate. It had already been established that the same type of flow
problems would not be experienced with a colum of 3 in. diameter (as
compared to the column of 1 in. diameter used for the tests.reported
here). A colum having at least a 3 in. diameter was used in most of the

tests after this experiment.
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TABLE 1k. MAIN EFFECTS BASED ON DATA FROM
CONTINUOUS FLOW TESTS.

-Single
Variable:

Single

Variable:

‘single

Variable:

1De$ignation of Variables:

Response

. Fe®* Removed,

percent

FeT Removed;,
percent

Variable Main Effects Variable Main Effects

W+ o FWH N

(O I =g o\

After 5 Minutes

-38.88
7.38
- 5.62
0.38

Fw
[ ]

After 120 Minutes

-23.38
- 7.88
5.38
4.38

WwHFHMD
i
¥
R

After 180 Minutes

-21.00
13.50
- 6.25

0.75

£=w =
noa-hnu

5k

W =N
1
&
\n
o

Surface Area

= Particle Size

Aeration Rate
Fe®* Concentration



Statistical Design IT

The second set of factorial experiments covered the effect of pH, and
concen‘l:.rations of aluminum, manganese, and sulfate in the synthetic
coal mine water on removal of iron. Both batch and continuous flow
tests were conducted. Each series consisted of 16 tests. For reasons

discussed previously, only the second of two successive tests was
evaluated,

Batch tests -- The data representing the batch tests are sumarized in
Table 15. For ease of interpretation, again the four separate variables
are identified, with the high and low level of each verisble being repre-
sented by + and - signs respectively. The procedure for evaluating this
factorial experiment was identical to that described previously. The
data from Table 15 were employed in the calculation of both main effects
and variable interactions for the eight responses using the codified
design and calculation matrix already presented in Table 11 and the pro-
cedure as already outlined. These main effects are listed in Table 16.

For these tests, 'thea g.ata indicated that the most significant variable
affecting percent Fe® and Fep removed was Variable 1, the pH of the
synthetic coal mine water. The positive sign for that main effect
simply meant that the iron was removed more effectively at the higher
level of pH (3.5 in this experiment). This effect was particularly
apparent when one compares the results of the odd-numbered tests with
the results of the even-numbered tests in Table 15. In almost all cases,
the percent Fe®* and Fep removed was greater in the even-mumbered tests,
at the higher level of pH in the water, than in the odd-numbered tests,
at the lower level of pH in the water.

The magnitude of Variable 4 indicated that this variable also affected
iron removal. The positive sign on this variable indicated that iron was
removed more effectively at the higher concentration of this variable,
concentration of sulfate in the synthetic coal mine water. From the
batch tests, no other variable or interaction between variables was
judged to have an effect on iron removal.

Continuous Flow Tests -=- As with the batch tests, continuous flow tests
were conducted with a 2* factorial experiment and evaluated in the same
manner as before. The data representing these comtinuous flow tests are
sumarized in Table 17. Two successive tests of 6-hour duration each
were conducted for each of the 16, and only the second test was evaluat-
ed for reasons already discussed. The data in Table 17 were again em-
ployed in the calculation of main effects and varisble interactions for
each of the 12 responses using the codified design and calcul?:bion
matrix presented in Table 11 and the procedure as already outlined.
These main effects are listed in Table 18. For these tests, the gfta
indicated that the most significant variable affecting percent Fe"  and
Fep removed was Varisble 1, the pH of the synthetic coal mine water.

The positive sign for that main effect meant that iron wad removed more
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TABLE 15. RESULTS OF STATISTICAL DESIGN II EXPERIMENT ON VARTIABLES
AFFECTING IRON REMOVAL, BATCH TESTS.

Variables* After 5 min After 30 min After 60 min After 120 min
FeoF Ferp Fe*™ Fen Fe®7 Ferq Fe** Fen

i 2 3 Y Removed, Removed, Removed, Removed, Removed, Removed, Removed, Removed,

Test pH Al Mn 8042“ percent percent percent _percent _percent _percent _percent _percent
r - - - - 26 0 26 0 26 0 26 0]
2 o+ - - - 39 ol 53 48 70 6l 89 86
3 - + - - 21 2 20 0] 16 2 . 18 2
L oo+ o+ - - 15 13 31 30 50 49 78 71
5 - - 4 - 0 0 8 0 17 2 25 L
6 + - o+ - ol 19 52 51 72 70 ol 91
T o= 4 - 8 0] 5 0 8 0] 15 4
8 + + + - 21 16 3L 33 57 55 85 82
9 - - - + 16 2 20 2 35 7 53 12
10 + - - + 28 27 56 51 76 73 9 92
i - o+ - + 1L 3 14 3 25 3 36 5
12 + + - o+ 28 20 51 L3 73 67 o1 89
3 - - 4+ + 20 2 27 2 31 5 48 10
i o+ - + ol 20 53 43 7 75 9% 93
15 - + + 26 2 32 2 43 10 57 12
%+ o+ o+ .+ 27 20 36 33 61 58 90 85

% Variable Tdentification

Levels
Variable + -
pH 3.5 1.5 :
Aluminum 200 mg/1 50 mg/1°
Manganese 100 mg/1 25 mg/1

Sulfate 8,000 mg/1 450 mg/1



TABLE 16. MAIN EFFECTS BASED ON DATA FROM BATCH TESTS

F

eQ

* Removed,
percent

Fer Removed,
percent

Variable Main Effects  Variable Main Effects

Single
Variable: 1 9.38 1 18.50
3 -4 .62 N 2.75
Y 3.62 2 -2.25
2 -2.12 3 ~1.50
After 30 Minutes
Single
Variable: 1 26.75 1 41.00
2 -9.00 2 -7.25
4 7.50 L 2.75
3 "3-00 3 -1.00
After 60 Minutes
Single
Variable: 1 41.88 1 60.25
I 13.12 L 7.00
2 -8.88 2 -6.50
3 -0.62 3 1.25
After 120 Minutes
Single .
Variable: 1 55.00 1 80.00
4 17.00 hoo» 7.25
2 -T7.00 2 -4.75
3 3.00 3 3.00
Designation of Variables: 1 = pH
2 = Aluminum
3 = Manganese
4 = Sulfate

After 5 Minutes
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TABLE 17. RESULTS OF STATISTICAL DESIGN IT EXPERIMENT ON VARIABLES AFFECTING IRON REMOVAL.
| CONTINUOUS FLOW TESTS.

After 5 min After 60 min After 120 min After 180 min
Variables* Fe<* Ferp Fest Ferp Fec™ Ferp Fes¥ Ferm
1 2 3 L Removed, Removed, Removed, "Removed, Removed, Removed, Removed, Removed,

Test pH Al Mn S0, percent percent vpercent percent percent percent percent percent
1 - - - - 95 66 1k 0 13 - L 6 1
2 + - - - 100 100 76 62 55 ks 48 Lo
3 -+ - - 100 75 10 0 8 0 16 1
L 99 91 72 68 62 53 60 52
5 - -+ - h 38 20 0 12 0 15 b
6 "+ - o+ - 100 100 TL 56 58 43 50 L3
7 -+ o+ - 66 35 9 5 13 0 8 0
8 + o+ o+ - 78 67 28 17 25 18 ' 21 19
9 - - = + 81 L8 16 1 21 0 19 6
10 + - - + 100 91 92 83 91 76 80 70
11 - + - + 61 Lo 10 9 19 L 19 2
12 + o+ - + 8l 85 75 70 85 70 85 T2
13 - - o+ + 100 77 Ly 16 16 7 19 Y
1h + - 4 + 100 100 97 83 88 87 79 72
5 - o+ o+ 4 95 5k 2k 7 38 4 28 6
16 + 4+ o+ + 86 78 68 55 67 66 TL 62

¥ Variable Identification

_ - Levels
Variable B -
pH 3.5 1.5
Aluminum 200 mg/1 50 mg/1
Manganese 100 mg/1 (25 mg/1

Sulfate 8,000 mg/l 250 mg/l
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TABIE 17.

RESULTS OF STATISTICAL DESIGN II EXPERIMENT ON VARIABLES AFFECTING
IRON REMOVAL,

After 240 min

CONTINUOUS FLOW TESTS.

After 300 min

(Continued)

After 360 min

Variables* Fes+ Fep Fe?+ Fep Fe<™ Fer
1 2 3 L Removed, Removed, Removed, Removed, Removed, Removed,
Test pH Al Mn SO,‘?" percent percent percent percent percent percent
1 . - Y 3 13 4 6 y
2 + - - - 46 35 33 32 30 0
3 - + - - 10 1 0 0 2 3
Iy + 4+ - - 58 51 6l 57 58 56
5 - - % 12 5 10 Y 6 0
6 + -+ Lo Ly 50 Ly L8 i
7 - + + - 0 0 0 0 0 7
8 + o+ o+ - 21 19 20 19 25 24
9 - - - + 9 L T L 11 4
10 + - - + 78 T0 80 68 76 70
11 - o+ - + 9 L 1k 1 1h 2
12 + o+ - + 84 76 84 76 82 76
13 - -+ + 10 5 23 L 25 5
1k + -+ + 73 65 73 66 69 65
15 -+ 4 + 21 L i5 2 12 6
16 + o+ o+ + 72 68 h 70 68 64
* Variable Identification
Levels
Variable + ) -
pH 3.5 1.5
Aluminum 200 mg/1 50 mg/1
Manganese 100 mg/1 25 mg/1
Sulfate 8,000 mg/1 250 mg/1



Single
Variable:

 Single
Variable:

Single
Variable:

Single

Variable:

Fea*'Removed,

TABLE 18. MAIN EFFECTS BASED ON DATA FROM
CONTINUOUS FLOW TESTS

Fem Removed,

Fe®* Removed,

Fer Removed,

percent percent percent percent
Q ()] Q ()]
. . 2] /] ~ w ..
3 £ 3 £ 7 2 3 £
g 0§58 % 58 0§ 4% 3§ g8
Ea 3 EE :étn ;é
> élﬂ > &3 > 5] > [

After 5 Minutes

After 60 Minutes

33.75

2 -10.13 1 1 54,38 1 57.00
1 9.38 2 -10.75 2 -16.38 4 1k.50
3 -2.63 3 -7.00 L 15.38 2 8.75
4 -0.63 L 1.25 3 -0.88 3 <6.75
After 120 Minutes After 180 Minutes
1 47.63 1 54 .88 1 45.50 1 50.75
I 21.13 i 18.88 L 22,00 L 16.75
3 -5.88 2 -5.88 3 -5.25 3 -L4.25
2 -3.38 -3 -3.38 2 -1.00 2 -3.25
After 2L0 Minutes After 300 Minutes
1 49.63 i 50.25 1 49.50 1 51.63
4 20.63 4 17.25 N 22,50 Ly 16.38
3 -6.13 3 -4.25 3 -3.75 3 -k.13
2 0.38 - 2 ~1.00 2 -2.25 2 -0.13
After 360 Minutes
1 k7.50 1 46.00
b 22.75 L 19.25
3 -3.25 2 5.75
2 -1.25 3 0.00
Designation of Variables: 1 = pH
2 = Aluminum
3 = Manganese
4 = Sulfate
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effectively at the higher level of pH (3.5 in this experiment). The
importaence of this variable remained apparent throughout the duration

of each 6-hour test as indicated by the relatively large value for that
main effect (See Table 18). ¢

Following approximately the first hour of the tests, the absolute magni-
tude of Variable U4, concentration of sulfate in the symthetic coal mine
water, indicated that this variable influenced percent Fe** and Feqp re-
moved. The positive sign meant that more effective iron removal occurred
at the higher level of sulfate concentration. A comparison of the magni-
tude of this effect and the magnitude of the pH effect from Table 18 in-
dicated that pH had a much greater effect on iron removal than did
sulfate concentration. In addition, after about an hour, interaction
between Variable 1 and Variable U4, pH and sulfate concentration, respec-
tively, was evident. From these continuous flow tests, no other variable

or interaction between variables was judged to have an effect on iron
removal.

In sumary, both from the batch tests and continuous flow tests, the pH
of the synthetic coal mine water was the most important variable affect-
ing percent Fe®* and Fer removed. Most effective iron removal was accom-
plished at the higher pH (3.5) in this experiment. This fact is consis-
tent with oxidation as the mechanism for iron removel since the rate of
oxidation of Fe®' is known to be greater at the higher pH. A greater
degree of adsorption at the higher pH, though, was also possible. Again,
both from the batch and continuous flow tests, the concentration of
sulfate in the synthetic coal mine water also affected percent F* and
Fep removed. More effective iron removal was accomplished at the higher
concentration of sulfate. This effect, though, was of lesser importance
than the effect from pH as evidenced by the relative magnitude of
Varisbles 1 and 4 from Teble 18. The interaction between those two
veriables might be explained in a number of ways. The presence of

(a) large amounts of sulfate and (b) the relatively high concentration
of H* at the pH range of this experiment might have interacted tozf?rm
the HSO,~ species. The high concentration of sulfate, 8000 mg/1, might
also have simply saturated the system, and, therefore, forced the iron
out of the solution by precipitation onto the activated carbon resulting
in more effective iron removal. More extensive precipitation would have

occurred at higher pH. ‘

An examination of the analyses for aluminum, manganese, and sulfate in
the synthetic coal mine water prior to and after the tests showc:zd tha’_c no
significant removal of any of these three constituents was obtained with

activated carbon.

Additional Statistical Design Tests

A series of continuous flow experiments was designed t? £i11 in gaps in
the data left by the Statistical Design I and IT experiments.
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Effect of pH -- Previous experiments had demonstrated more effective
iron removal at pH 3.5 than at pH 1.5. Experiments were then conducted
with synthetic coal mine waters containing approximately 250 mg/l of
Fe®* and pH values of 1.5, 2.0, 2.5, 3.0, and 3.5. The results are
listed in Table 19. Only the results of the second of two tests at
each pH level are presented for reasons discussed previously. The data
from Teble 19 on removal of Fe°' were plotted in Figure 9. From these
data, tests at low pH, 1.5 and 2.0, did not result in effective removal
of Fe°¥ for any reasonable period of time. In fact, at these pH values,
a level of removal of 50 percent was achieved only for a very few min-
utes. At the higher pH values of 2.5, 3.0, and 3.5, & 50 percent level
of removal was achieved for over 2 hours.

'Th§+data from Table 19 on removal of total iron, Fep, including both 24
Fe°' and Fe®* are presented in Figure 10. As in the evaluation of Fe
removal, more effective removal of Fep occurred at the higher level of
PH.

Effect of No Manganese -~ Previous tests have demonstrated that a high
or a low level of manganese in the synthetic coal mine water had no
effect on removal of iron. This was carried one step further by con-
ducting a test with no manganese in the synthetic mine water. The re-
sults of this test are presented in Table 20 and compared in the same
table with the results of a past experiment from the Statistical Design
II set (See Table 17, Test No. 12). The results of the two tests, as
listed in Table 20, were judged to be similar, thus reenforcing the
conclusion that the concentration of manganese in the water had no
effect on iron removal. The data from Table 20 are compared in

Figure 11. The differences in iron removal during this test with no
manganese and during Test No. 12 were judged, from this figure, to be
small.

Effect of No Aluminum -- Previous experiments have demonstrated that a
high or low level of aluminum in the synthetic coal mine water had no
effect on removal of iron. In a manner similar to the test with no
mangenese, a test was conducted with no aluminum in the synthetic coal
mine water. The results of this test are presented in the first part of
Teble 21 and these data are also plotted in Figure 1l. The results of
the test with no aluminum were judged to be similar to the results of
the standard test, Test No. 12, as described in Table 20 and Figure 11,
reenforcing the conclusion that the concentration of aluminum in the
water had no effect on iron removal.

Effect of No Aeration -- Previous experiments have demonstrated that a
high rate of aserstion favorably affects the removal of iron. A test
was conducted in which the water-carbon mixture in the column was not
aerated for the duration of the 6-hour test. The results are presented,
also, in Table 21 and Figure 11. From the data, the effectiveness of
iron removal was judged to have decreased drastically in camparison with
the stendard test, Test No. 1l2.
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TABLE 19. EFFECT OF pH ON REMOVAL OF IRON

Experiment Experiment Experiment Experiment Experiment
No. bhh.7 No, Lhil-11 No, Lhl-1h No. Luh-12 - No. 4lik-9
pH 1.5 pH 2.0 pH 2.5 pH 3.0 pH 3.5

Time, Percent removed Percent removed Percent removed Percent removed Percent removed
min Fe°'  Fep Fe°© Fep Fe'  Ter Feoo Fep FeoT Feq
0 100- 100 100 100 100 100 100- 100 100 100
30 sk b W 29 70 53 6h 46 7L 6k
60 25 20 2 16 63 L3 65 148 62 55
120 17 11 20 0 61 28 63 38 56 47
180 1 T 10 o] 52 18 62 31 Lh 35
2ko 3 5 21 0 50 13 60 26 L1 35

300 L 11 28 1 Lo 11 it} 19 31 26
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"PABLE 20. EFFECT OF NO MANGANESE ON REMOVAL OF IRON

Test with No Manganese Standard Test for Comparison Ex-
Experiment No. 4hh-15 periment No. 4143-81 (Test No. 12)
Fe** Fen, Fe** Fer,
Time, Percent Percent Percent Percent
min pH mg/l removed mg/l removed pH mg/l removed mg/l removed

0 3.5 256 -- 269 -- 3.5 248 - 260 -

5 4.3 6 - 16 - k.5 Lo - Lo -
10 4.3 0 - 13 - Yy 23 - 48 --
15 b3 6 -- 19 -- 4.3 33 -- 68 --
30 4,3 16 94 26 90 k,3 45 82 75 71
L5 b2 26 -- 32 -- k.3 53 -- 75 --
60 L2 29 89 39 86 L.3 63 75 78 70
90 k.2 13 - 29 -- y,2 33 -- 85 -

120 Y2 23 91 29 86 h.2 38 85 78 70
150 L2 29 -- L9 -- L2 38 -- 78 -
180 h,1 37 86 57 79 k2 35 85 73 72
210 L.l b5 - 65 -- L2 33 - 68 -
240 L1 45 82 65 76 b2 4o 8k 63 76
270 k1 55 -- 68 -- L1 b5 - 53 -
300 k.1 58 77 68 75 4,1 Lo 83 63 76
330 k.1 62 -- 71 - h.1 4o - 63 -
360 L0 58 7 71 h k.1 Ls 82 63 76
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TABLE 21. EFFECT OF NO ALUMINUM AND NO AERATION ON REMOVAL OF IRON

Test with No Aluminum Test with No Aerstion

Experiment No. L4hili-30 Experiment No, 4lh-22
Fe** Feq Fe** Fep

Time, : Percent Percent . Percent Percent

min pH mg/l removed mg/l removed pH mg/l removed mg/l removed
0 3.5 2k -- 263 -- 3.5 273 - 286 --
5 6 - 5 0 - O bt h' . 7 62 - 88 - -
10 6.1 0] -- o — k7 71 - o7 --
15 6.+ O -- 0 -- L6 68 - 97 --
30 6.2 0 100 o} 100 L,5 107 61 - 123 57
45 6.3 0 - 0 - Y h 175 - 188 -
60 5.9 0 100 0 100 4. 205 25 211 26
90 5.4 0 - 0 -- 4.4 207 - 24o --
120 k.9 0 100 6 98- 4,3 224 18 237 17
150 4.8 13 - 25 -- 4,3 218 - 250 -
180 4,8 26 89 32 88 L.,3 224 18 256 10
210 L7 31 -- 37 - L2 221 - 256 -
240 L6 36 85 L2 84 L2 218 20 256 10
270 L6 55 - 62 - h,2 227 - okl -
300 L5 62 75 68 Th L2 250 . 8 - 256 10
330 k5 65 -- 75 -- k.2 263 -- ' 266 -
360 L5 68 72 81 69 hoo 256 6 276 3



Removal of iron by adsorption should not have required aerati

" ion, yet
tr.ns 'be§t demonstrated aeration to be necessary. This is an adc,ii?-v
tional indication that iron removal was accomplished by an oxidation

mechanism in this process, or, at least, by a combination of oxidation
and adsorption.

To further explore this aeration effect, continuous flow tests were also
conducted according to the general procedure with actual coal mine water
and with air, nitrogen, and oxygen, each at flow.rates of 150 ml/min and
with no air. The results of these tests are presented in Table 22 and
the data concerning Fe®* plotted in Figure 12. From these data , tests
with nitrogen and no air resulted in ineffective removal of iron. As in
past tests, aeration aided in removing iron more effectively. The most

effective removal occurred in the test where oxygen was bubbled through
the carbon-water mixture.

During this test and the test with nitrogen Sparging"',“ the dissolved oxygen
content of the mine water was 4 to 6 mg/l, having decreased from an
ogiginal value of 10 mg/ 1 in the raw water; therefore, the improved
effectiveness cannot be attributed to an increase in dissolved oxygen
content of the water from the use of oxygen. The mechanism could involve
adsorption of oxygen by the carbon and subsequent reaction by the dirad-
ical -0-0- thus formed (26) to extract electrons from the adsorbed
ferrous ions.

Effect of No Sulfate -- Previous tests have indicated that a high concen-
tration of sulfate favorably affects the removal of iron. A test was
conducted in which sulfate was omitted from the synthetic coal mine water
by adding the Fe?* as ferrous chloride instead of as ferrous sulfate as
was normally done. The results are presented in Table 23 and the data
also plotted in Figure 11. Also included in Teble 23 and Figure 11 are
results of a test with low concentrations of both sulfate and NaCl and a
test with a low concentration of sulfate and a high concentration of
NaCl. The test with no sulfate present in the synthetic coal mine water
resulted in significantly poorer iron removal as judged by comparison
with data from the standard test, Test No. 12, in Table 20 and Figure 11.
This seemed to reenforce the original conclusion that a high concentra-
tion of sulfate favorably affected iron removal.

At this point, there was concern on the part of the BCR investigators as
to whether, in fact, sulfate itself was affecting iron removel. The con-
centration selected as the high level of sulfate for the Statistical
Design II experiment was 8,000 mg/l since concentrations of sulfate of
this level are not too uncommon in actual coal mine waters. But this was
a higher concentration +than that of any other species‘chosen for '{;hesi-:
tests. It was possible that the high total concentration of ma'terla].. in
the water was resulting in a somewhat saturated solution and that th1§
saturation was, itself, responsible for driving the iro:} out of solution.
A test was planned, then, with a high concentration of ions other than

sulfate.
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TABLE 22. EFFECT OF AERATION, NO AERATION, NITROGEN SPARGING,
ASD OXYGEN SPARGING ON REMOVAL OF IRON

Aeration No Aeration
Experiment No. 444-88 Experiment No. 4lil4-90
Fe?t Fer Fe?* FeT
Time, % Re- 9% Re- 9% Re- % Re-
mn pH mg/l moved mg/l moved pH mg/l moved mg/1l moved
0 2.8 305 - 429 -- 3.0 240 - 334 -

30 k4.3 175 43 188 56 4.3 ob 61 127 62
60 4.3 198 35 205 52 L2 175 27 198 i
120 4.2 231 24 240 Ll 4.2 o224 7 253 2k

180 k4.1 234 23 253 b1 b, 234 3 261 22
2ko Lkl 224 27 234 L5 L.l 263 o] 273 18
300 k.1 224 27 24k 43 4.1 263 0 273 18
360 L.2 218 29 234 45 4.1 263 0 273 18
- Nitrogen Sparging Oxygen Sparging
Experiment No. Llil-g2 Experiment No. hhli-gh
Fe®* Fep Fe?* ~ FeT
Time, % Re- % Re- % Re- % Re-
min pH mg/l moved mg/l moved pH mg/l moved mg/l moved
0 2.9 175 - 279 - 2.9 224 - 237 --

30 L4k 62 65 78 72 L3 26 88 39 84

60 k4.2 133 24 159 43 4.3 71 68 ol 60
120 k.3 169 3 12 Lo 8 63 110 54
180 4.3 198 0 208 25 ha 73 67 ob 60
240 4.2 198 0 205 27 Lo 75 67 101 57
300 L.1 185 0 192 3 3.9 971 5T 120 k9
360 4.1 188 0 205 27 3.9 78 65 9u' 60

T0
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TABLE 23, .EFFECT OF NO SULFATE AND VARIOUS CONCENTRATIONS OF NaCl ON REMOVAL OF IRON

Test with No Sulfate Test with Low Sﬁlfate, Low Test with Low Sulfate, High
Experiment No. Lih-36 NaCl Experiment No. hhli-4O ‘ _NaCl Experiment No. LLh-U6
Fet Fep T+ Fep '7 Fe?t Ferp
Time, Percent Percent ) Percent Percent ‘ Percent Percent
_min.  pH mg /1 Removed mg/l Removed pH mg/l Removed mg/l Removed pH_ mg/l Removed mg/l Removed
o 3.k 218 -- 240 -- 3.5 253 -- 273 -- 3.5 273 -- 279 --
5 4,3 13 - 23 - k.3 13 - 36 - h.3 36 - 68 -
10 k.5 0 - 23 - 4.3 16 -- 36 -- b5 45 - 78 -
15 4.3 13 - 29 - 4.3 26 - s - L.3 55 -- 81 --
30 4.3 45 79 65 73 .2 ks 73 68 75 Lo 52 81 68 76
4s h2o 91 - 104 - ho1 29 - 104 - h.2 k49 -- 81 -
60 4,2 110 50 133 45 4,1 101 49 130 52 b2 52 81 81 71
90 k.2 127 -- 140 - 4.0 110 -- 130 -- k.2 58 -- 120 --
120 h,2 123 Ly 146 39 b2 127 45 140 L9 4.1 68 75 114 59
150 4.2 159 - 175 - 4.0 143 - 166 - L1 71 -- 104 -
180 k4.1 133 39 159 34 4.0 1ko 3h 166 39 Lo 81 70 107 62
210  L.1 130 -- 151 - Lo 143 -- 16k - Lo -73 -- 108 --
2ho L1 127 Yo 143 Lo 4.0 146 36 162 41 Lo 65 76 110 61
2710 4.1 127 - 143 -- 3.9 133 -- 150 -~ Lo 178 -- 9L " --
300 L.1 110 50 136 L3 3.9 127 hs 140 49 L.o Uus 8L 58 79
330 4.1 11k -- 143 -- L.o 127 - 143 -- 3.9 s -- 58 --
360 4.1 120 bs 133 U5 4.0 133 b7 133 51 . 3.9 ke 85 58 79



Sodium chloride, NaCl, seemed to be a logical choice as g replacement
for (magnesium) sulfate. A test was first conducted with low concentra-
tions of both NaCl and sulfate to observe any slight effect of NaCl on
removal of iron. The results of this test are included in Table 23

and Figure 11. The effect of the aforementioned was judged to be
similar to the effect when no sulfate was used for the test 3 in other
words, the overall result was ineffective removal of iron. The NaCl
itself did not seem to affect the iron removal,

For the test with a high level of NaCl, the concentration of NaCl was
selected so that the overall concentration of ions, the total ionic
strength, in the synthetic coal mine water would be equivalent to that
of the water used in the standard test, Test No. 12, The results of
this test are also presented in Table 23 and Figure 11. From the data,
the results of this test were judged to be the same as the results of
the standard test. Either a high ‘concentration of sulfate or a similarly
high concentration of NaCl resulted in effective removal of iron. What
was observed was the effect of a high concentration of ions regardless of
their nature, and not specifically the effect of sulfate concentration.

Effect of Bed Depth

The results of a series of tests with various amounts of carbon in the
19 in. x 3 in. column, resulting in different depths of the bed of
carbon, are presented in Table 24. From the results in Table 2, the
greater the depth of the bed of carbon, the more effecga:.ve was the iron
removal. This can be seen by a plot of the percent Fe° removed as
shown in Figure 13, and a plot of the percent Fep removed as shown 1n
Figure 14, A comparison of the time during which 50 percent of the iron
was removed from each of these figures demonstrates this particular
point.

That even 25 percent of the Fe?t was not removed with the 3.5 cm-deep
column can be seen from Figure 13. Again from Figure 13, the 9.2 cm
deep column effected 50 percent iron removal for only a very shor§+ .
period of time. Using the time during which 50 ‘_percent of the Fe* 1is
removed for each of the other three columns, 15 6, 21,9, and 27:9 com
deep, from Figure 13, the depth in centimeters necessary to achieve 50
percent removel for a time period of 1 minute was calculai.:ed to be 0.7l ’t
0.72, and 0.72, respectively, for an average of 0.72 cm/m:.n of 50 percen
removal.

A similar calculation for total iron removal, Fep, from Figure 14 yields
values of 0.72, 0.72, and 0.73, respectively, for_’che 15.6, 21.9, and
27.9 cm deep columns for an average for 0.72 em/min of 50 percent removal
of Feq. '

Since the water used in these tests contained approximately 250 miﬁ; of
jron and this water flowed through the column at a rete of 30 ml/min,
the value of 0.72 cm/min was also calculated to be 0.72 cm/30 ml
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TABLE 24, EFFECT OF BED DEPTH ON REMOVAL OF iRON

80g Carbon 260g Carbon 4hog Carbon 620g Carbon 800g Carbon
3.5cm Depth 9.2cm Depth 15.6cm Depth 21.9cm Depth . 27.9cm Depth
Experiment Experiment Experiment ~_ Experiment Experiment
Number Number Number - - Number . Number
_ Lhy_38 W37 “4hho3) 4Lk -27- Luk 23
Time, DPercent removed Percent removed ©Percent removed Percent removed - Percent removed
min Fe**  Fep Fe*'  Fer Feo'  Feg Fe>  Tep Feor  Feg
0 100 100 100 100 100 100 100 - 100 100 100
5 43 35 82 76 100 100 100 100 100 100
30 22 . 22 45 47 100 % 100 100 100 100
60 18 ., 13 3k 38 62 59 85 79 100 100
120 12 13 L2 39 36 34 Sk k9 75 73
180 19 13 - 29 26 30 26 Lo 36 5L 48
240 19 12 2k 21 23 2l 36 33 L2 33
300 1k 9 31 32 21 20 31 29 36 33

360 19 7 28 28 23 23 19 20 27 . 28
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(0.024% em/ml) or 0.72 em/7.5 mg of iron (0.00 :
percent removal of iron./ ( % cm/mg of iron) for 50

Effect of Column Diameter

Three molded acrylic tubes of 3 in., 4 in., and 5 in., diam

used in a §eries of tests, each with stand;.rd syxslthetic coa,?_t:g.ngez:ter
and each with a separate 800 g sample of Nuchar WV-W carbon, to exsmine
the effect of diameter of the column on iron removal. The results of
1t.:hese three tests are sumarized in Table 25. Examination of the data
in Table 25 reveals that the rate of removal of iron was similar regard-
less of the diameter of the column.

Thé same tubes were also used in similar tests with an actual coal mine
water. '..['he results;of these tests are summarized in Table 26, The data
showed little influence of column diameter on rates of removal of iron.,

Effect of Temperature

Three continuous flow tests were conducted according to the general pro-
cedure and with standard synthetic coal mine water at temperatures of 12,
21, and 30C, to examine the effect of temperature on removal of irom.
The results are sumarized in Table 27, and the data plotted in Figures
15 and 16, The data showed little difference in iron removal between
the tests at 12C and 21C, but a substantial difference in the test at
30C. More effective iron removal at the higher temperature can be seen
from these figures.

Use of Materials Other Than Carbon

In the first test of this series, activated alumina was used in place of
the carbon. The results of this test are presented in Table 28. The
iron could be seen as a yellow precipitate on the top two inches of
alumina in the column. The data in Table 28 also indicated ineffective
iron removal, at least in this single test of relatively short duration.

In the second test of this series, charcoal briquettes were used in place
of the carbon. The results of this test are presented in Table 29. The
extremely effective removal of iron was attributed to the high pH result-
ing from the briquettes. An attempt was made after this test to lower
the pH by passing 1N HgSO, through the briquettes in the column. This
only resulted in clogging the column, a fact which precluded the use of
this material for the process. ‘

The use of activated alumina and coal were examined in connection with
bacteria and the results of these tests. are described later in this

report.
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TABLE 25. EFFECT OF DIAMETER OF COLUMN ON REMOVAL OF IRON
FROM SYNTHETIC COAL MINE WATER

3 in, Diameter 4 in, Diameter 5 in. Diameter
Experiment No, Lhh-68 Experiment No. 4hl-57 Experiment No. il 66
Fe* Feq Fe?* Fer pe®* | Fer |
Time, Percent Percent Percent Percent Percent Percent

min  mg/l removed mg/l removed mg/l removed mg/l removed mg/l removed mg/l removed

0 268 - 276 - 253 - 263 - 263 - 292 -
30 o 100 0 100 0 100 16 ol 0 100 0 100
60 45 83 62 78 32 87 58 78 13 95 36 88

120 68 75 127 54 97 62 136 L8 78 70 117 60

180 120 55 136 51 127 50 136 48 133 kg 169 L2
2ko 169 37 192 30 133 Y7 156 k1 W6 188 36
300 153 L3 172 38 153 Lo 179 32 179 32 185 37
360 175 35 192 30 172 32 188 29 195 26 208 29



TABLE 26. EFFECT OF COLUMN DIAMETER ON REMOVAL OF IRON
FROM ACTUAL COATL, MINE WATER

Time, Fe*t

Fem
m;n | pH mg/l Percent Removed mg/l Percent Removed
3 Inch Column
28 cm Carbon Depth
Experiment No._ h'}l-h?v .

0 3.0 240 -- 33k -
30 4.3 107 55 127 62
60 L2 123 kg 143 57

120 4,2 156 35 179 L6
180 .1 . 162 ‘ 33~: 182 L6
240 b1 S172 28 188 .4
300 4.0 192 20 211 37
360 4.0 192 20 208 38
4 Inch Column
18 cm Carbon Depth
Experiment No. 451-kk

0 2.9 175 -- 279 --
30 k.5 65 63 88 68
60 L4 130 26 : 153 45

120 4.3 153 13 172 38
180 h.2 169 3 179 36
2ko h.2 169 3 175 37
300 h.2 172 2 192 31
360 4.1 169 3 185 34
5 Inch Column
11 em Carbon Depth
Experiment No. 451 -46

0 2.9 224 -- 307 --
30 4.3 166 26 211 39
60 4.3 166 26 195 Ll

120 4.3 175 22 205 kL
180 b2 o 185 17 211 3
2ko .2 192 1k 221 36
300 b.2 221 1 2ko 3L
360 b1 237 0 2ko 3
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TABLE 27. EFFECT OF TEMPERATURE ON REMOVAL OF IRON

Low Temperature (12 C) High Temperature (30 C) . Ambient Temperature (21 C)
Experiment No. 451-12 Experiment No. 451-15 Experiment No. 451-10
Fe?* Feq Fe** Feq Fe** Fep
Time, Percent Percent Percent Percent Percent Percent
min mg/l removed mg/l removed mg/l removed mg/l removed mg/l removed mg/l removed
0 273 - 292 - 2h) - 282 - 253 - 263 -
30 6 98 13 % 0 100 0 100 10 % 39 85
60 42 85 78 73 0 100 0 100 75 70 81 69
120 117 57 149 49 16 93 23 92 11k 55 1k6 b
180 153 Ly 179 39 39 8k 62 78 136 46 166 37
oho 162 b1 188 36 78 68 10k 63 153 %0 175 33

300 175 36 201 31 11k 53 130 51 169 33 188 29.
360 185 32 214 27 140 k3 156, 45 192 2L 208 21
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TARIE 28. EFFECT OF ALUMINA ON REMOVAL OF IRON

Fe** Feq

Time, Percent Percent

min_ o mg/ 1  removed mg/l  removed
0 3.0 256 - 289 . -
10 L. 4 185 28 198 31
15 R 198 23 221 2k
30 L. b 198 23 221 2k
b5 L.L 192 25 201 30
" 60 L L 198 23 221 ok
90 L.k 192 25 201 30
120 LL 185 28 198 31
150 I’ . 192 25 198 31
180 Il 182 29 198 31
210 L b 182 29 192 3
240 L.h 175 32 185 36
270 L L 166 35 175 39
300 T 169 34 175 39
330 L.k 166 35 175 39
360 L4 167 35 175 39
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TABLE 29, EFFECT OF CHARCOAL BRIQUETTES ON REMOVAL OF IRON

Fea+ FeT

Time, Percent Percent

min pH mg/l removed  mg/l removed
0 3.0 263 - 292 ——
5 8.0 0 100 0 100
10 8.0 0 100 0 100
15 8.0 0 100 0 100
30 7.8 0 100 0 100
L5 7.7 0 100 0 100
60 7.6 0 100 0 100
90 7.4 0 100 0 100
120 7.3 0 100 0 100
150 7.2 0 100 0 100
180 7.0 0 100 0 100
210 7.0 0 100 0 100
2ko 7.1 0 100 0 100
270 7.0 0 100 0 100
300 6.9 0 100 10 9%
330 6.8 0 100 10 9%
360 6.8 0 100 23 92



Tests with Actual Coal Mine Waters

Studies on this project with synthetic coal mine waters have demonstrat-
ed that the rate of removal of iron from the waters tested decreased
drastically when the pH of that water was 2.5 or lower. When the pH of
the water to be treated by this process is higher than 4.0 to 4.5, then
significant precipitation of the iron compounds would occur, thereby
blocking the activated sites on the carbon to further reaction and
physically clggging the carbon column. Therefore, the coal mine waters
containing Fe” which are most amenable to treatment by this process
should have e pH between 2.5 and 4.0, In fact, coal mine waters having
a pH below 2.5 are relatively rare, and those having a pH above 4.0
usually present little difficulty in treatment. Difficulties in treat-
ment usually occur in those coal mine waters in the pH 2.5 to 4.0 range,
and this process was designed to overcome some of the difficulties.

Two coal mine waters having the above characteristics desirable for this
process were found and used in continuous flow tests. For the first
series of tests, water was collected from the Tarrs discharge, which is
near Tarrs, Westmoreland County, Pennsylvania and which has been used in
past projects at BCR. In the past, the water typically contained 40 to
100 mg/1 of iron as Fe°*, an additional 50 to 80 mg/l of iron as Fe®*,
50 to 100 mg/1 of aluminum, and had a pH of approximately 3. As sampled
for these tests, the water contained only 13 mg/1 of F&®*, 45 mg/1 of
Fep, and had a pH of 3.0. Although the F&®* was considered lower than
desired for these studies, this water was used in one test, stored
overnight at a temperature of 1 C, and used the next day in a second
test. The results are listed in Table 30. Throughout the duration of
the first two tests, all iron was removed. The removal was more
effective than with the synthetic coal mine water, but the low initial
concentration of iron may have influenced the effective removal.

After the water had been stored at a temperature of 1 C for a weekend,
iron (FeSO,) was added to the water to increase the concentration of
Fe°t to the values shown in the last two columns in Table 30, and a third
test was conducted with this water. The results o%’_'_ this test showed
that a 50 percent level of iron removal, either Fe” or Fe,, was attained
throughout the duration of the 6-hour test. No further teSts were con-
ducted using this coal mine water.

For the second series of tests, water was collected at various points
along a tributary of Little Plum Creek in Allegheny County, Pennsylvania,
about five miles from BCR. The analyses of the first samples obtained at
five locations along the stream are presented in Table 31. Since sampl-
ing points No. 3, L4, and 5 were progressively further downstream, they
were more affected by weather conditions and by dilution from run-off.
Tests were not conducted with water from points 4 and 5 both for this
reason end because of difficulties in accessibility to the stream at

these points.

85



TABLE 30. PRELIMINARY CONTINUOUS FLOW TESTS WITH TARRS COAL MINE WATER

Experiment Number Experiment Ninn'ber Experiment Number
Ll 42 Lk L3 iyl 7

Time, Fe®* Ferp Fe®*  Fep Fe®*  Fer

min pH  mg/l mg/l pH mg/l mg/1 pH mg/l mg/l
o] 3.0 13 45 3.0 13 45 3.1 266 347
5 6.9 0 0 6.2 0 0 4.6 0 0
10 7.2 0 0 6.4 o} 0 4. 0 0
15 7.5 0 0 6.3 0 0 L. 0 0
- 30 7.9 o} 0 6.0 0 0 4.5 0 0
4s 7.8 o] 0 5.2 0 0 . k.5 0 0
60 7.5 0 0 4.8 0 0 k.5 0 13
90 7.4 0 0 4.6 0 0 L3 55 8k
120 7.k 0 0 L6 o o} 4,2 68 10k
150 7.2 0 0 h.5 0 o} h,1 1k 133
180 7.1 0 0 L.5 0 0 L,0o 120 136
210 7.0 0 0 k.6 0 0 Lo 130 13
240 6.7 0 0 4.8 0 0 L2 127 149
270 5.3 0 0 L.k 0 0 k0 136 153
300 5.0 0 0 k.5 0 0 Lo 133 159
330 - -- - L4 0 0 Lo 136 159
360 - - - 4.3 o} o} 3.9 143 159



TABLE 31. ANALYSES AT VARIOUS POINTS ALONG
TRIBUTARY OF LITTLE PLUM CREEK

24 ‘ : Dissolved

Sampling Fe Fey Oxygen,
Point No. pH mg[l mgl ng/1

1 3.0 39 516 8.5

2 3.k 117 153 9.1

3 3.3 156 198 11.6

b 3.k 107 123 12,0

5

k6 62 71 1.5
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Continuous flow tests were conducted according to the general procedure
with water from sampling points 1, 2, and 3. The results of three
tests each with these waters are presented in Tables 32, 33, and 3k4.
Under the conditions specified by the general procedure, satisfactory
removal of either Fe®* or Femn was not achieved from the water contain-
ing relatively high concentrations of iron from sampling point No. 1,
as indicated by the data in Table 32. A 50 percent level of iron re-
moval was attained only for a very short duration of time during these
tests. Similarly, the data from tests with water from sempling point
No. 2, Table 33, show that a 50 percent or greater level of iron re-
moval for any significant time was attained only in the first of the
three tests. In fact, the results of the last of the three tests shown
in Table 33, indicated elution of some of the iron which had been ad-
sorbed and/or oxidized during the first two tests with this water. TFor
these tests, a fresh sample of carbon was used for the waters from each
sampling point and that carbon was then used for all three tests with
the same water.

The results in Table 34 of tests with water from sampling point No. 3
in the last experiment of this series, indicate effective removal
throughout the duration of the three tests and even slightly improved
results with each of the three succeeding tests. The more effective
removal of iron from water at sampling point No. 3, which is farther
downstream, could be attributed to the dissolved oxygen content of the
water, since this water had a concentration of 11.6 mg/l as compared to
8.5 mg/1 for water from sampling point No. 1 and 9.1 mg/l for water
from sampling point No, 2 (See Table 31). In addition, each water also
contained a different initial concentration of iron.

Effect of Bacteria

Active cultures of Thiobacillus ferrooxidans, iron-oxidizing bacteria,
and Thiobacillus thiooxidans, sulfur-oxidizing bacteria, were obtained
from Indiana University of Pemnsylvania at the 48-hour periocd of growth,
the time at which they were said to be at the peak of their activity
(27). sStandard synthetic coel mine water was inoculated with the sus-
pension of Thiobacillus ferrooxidans in a 10/1 ratio of water/suspen-
sion. A 500 ml portion of the inoculated synthetic coal mine water was
serated and the sample analyzed for Fe** and Fep to indicate any
activity ggs bacteria might have, There was no change in Fep with time,
but the Fe*" content was reduced from the original 227 mg/1 to:

191 mg/1 in 1, hour; 161 mg/l in 2 hours; 9 mg/l in 24 hours. The con~
version of Fe”' to Fe®' in the first hour, therefore, was 36 mg/l, in
the second hour, 30 mg/l, and decreased gradually per hour every hour
thereafter. This conversion corresponds favorably to that of Consoli-
dation Coal Company's conversion using Ferrobacillus ferrooxidans in
their Levi Moor micro-bio oxidation treatment plant reported to be up
to 40 ppm/hour (28).
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TABLE 32. RESULTS OF PRELIMINARY CONTINUOUS FLOW TESTS WITH
TRIBUTARY OF LITTLE PLUM CREEK. SAMPLING POINT NO. 1.

Experiment No. L451-34 Experiment No. 451-35 Experiment No. h51-36
Feot Fer Fe?* Fer Fe®* Fer
Time, Percent Percent Percent Percent Percent Percent
min pH mg/l removed mg/l removed pH mg/l removed mg/l removed pH mg/l removed mg/l removed
0 2.9 279 -~ 403 - 2.8 289 -~ ko3 - 2.9 276 -~ 377 --
30 7.0 O 100 0 100 L3 71 75 91 7 .2 10k 62 130 66
60 6.6 O 100 10 98 k.3 175 39 205 k9 L.2 169 39 192 L9
120 49 9 67 11k 72 4,2 231 20 253‘ 37 L1 198 28 227 Lo
180 4.8 172 38 201 50 h,2 263 9 286 29 L2 229 17 248 3k
oko  L.h 188 33 211 48 L2 263 9 289 28 L,1 244 12 276 27
300 k.3 192 31 224 Lk L2 276 L 295 27 4.0 25 7 273 28
360 k4.3 214 23 2ho ko k.1 286 1 299 26 k.o 273 1 27 27
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TABLE 33. RESULTS OF PRELIMINARY CONTINUOUS FLOW TESTS WITH
TRIBUTARY OF LITTLE PLUM CREEK. SAMPLING POINT NO. 2.

Experiment No. 451-21 Experiment No. 451-26 B Experiment No. 451-27
Fe2* Fer Feo* Fep Fe** Fep
Time, ' Percent Percent Percent Percent .- Percent Percent
n’” pH mg/l removed mg/l removed pH mg/l removed mg/l removed pH mg/l removed mg/l removed
o 3.4 m7 - 153 -- 3.0 11k -- 282 - 29 123 -- 383 -
30 8.1 o0 100 o 100 k.6 13 89 ko 85 4.2 55 55 78 80
60 7.9 O 100 0 100 4,3 32 72 91 6é h2 107 13 123 68
120 7.5 0O 100 o 100 k3 91 20 120 57 hl 166 0 179 53
180 5.3 O 100 0 100 4.3 99 13 134 52 k.0 178 0 20k b7
2k 4.6 3 97 29 81 h,2 101 11 133 53 4.0 192 - 0 218 L3
300 4.5 3 | §7 23 85 4.1 101 11 133 53 b0 208 o0 oo 42
360 L.k 3 97 19 88 L,1 101 11 129 5k 3.6 214 0 23 Lo
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TABLE 34. RESULTS OF PRELIMINARY CONTINUOUS FLOW TESTS WITH
TRIBUTARY OF LITTLE PLUM CREEK, SAMPLING POINT NO. 3.

Experiment No. llik-8k ' Experiment No. Whi-85 . Experiment No. hhk-86
Fect Fer Fe?* Fep : ____Fiz* ’ Fer
Time, Percent Percent Percent Percent Percent Percent
min  pH mg/l removed mg/l removed pH mg/l removed mg/l removed pH mg/l removed mg/l removed
0 3.0 55 -- 198 -- 3.2 62 - 192 -- 3.4 55 -- 97 -
30 7.8 0 100 0 100 45 o0 100 o 120 k3 o 100 0 100
60 7.0 0 100 0 1100 43 o 100 o 100 43 o 100 0 100
120 5.0 © 100 10 95 L3 3 95 23 88 he 0 100 0 100
180 4.8 13 % 3 & L2 o 100 23 8 k2 o 100 0 100
240 hL.,5 26 53 39 80 L2 6 90 29 85 b2 o 100 o} 100
300 Ly 23 58 k2 79 L.l 3 95 23 88 b2 o] 100 0 100
360 L.3 29 L7 68 66 L1 6 90 23 88 L1 .o 100 0 100



Synthetic coal mine water which had not been inoculated was subjectaeg.
to the same treatment, which resulted in no measurable change in Fe
even after having been aerated for 7 days. In neither experiment was
carbon present. The bacteria were alive and active during these tests.

Tests with Bacteris-inoculated Water

Batch tests and continuous flow tests were conducted with synthetic
coal mine water and Nuchar WV-W carbon, 12 x 4O mesh, according to the
general procedure. These "standard" tests were compared with tésts
with synthetic coal mine water which had been inoculated with Thio-
bacillus ferrooxidans and/or Thiobacillus thiooxidans.

Batch tests -~ Active cultures of Thiobacillus ferrcoxidans were. ob=
tained from Indiana University of Pennsylvania in Silverman and _
Lundgren 9K basal salts + ferrous sulfate as the energy source. As
received, the culture media contained 41 mg/l of Fe**, 610 mg/1 of Fep,
and had a pH of 1.9 by our analyses. A 10:1 mixture of synthetic to ~
culture media was prepared and used in these batch tests and the contin-
uous flow tests. The results of a "standard" batch test, with no bacte-
ria present, and a test with Thiobacillus ferrooxidans are compared in
Table 35.

It is apparent from the data in Table 35 that, in spite of the presence
of iron oxidizing bacteria and aeration, the Fe 3+ present with the
culture as an energy source for the bacteria had been reduced to the
Pt state. Two samples of water from these two tests weré analyzed
for bacteria. No bacteria were found, indicating rather complete
adsorption of the bacteria on to the activated carbon.

Another test was conducted with the synthetic coal mine water which had
been inoculated with Thiobacillus thiocoxidans. The results of this test
are also presented in Table 35. This particular culture, by itself, was
not expected to and, in fact, did not affect iron removal. It was
desirable, though, to determine the effect of this culture on the pro-
cess before combining it with the iron-oxidizing bacteria. The combma—
tion of iron-oxidizing and sulfur-oxidizing bacteria was said to
accomplish oxidation of iron at a faster rate than if only the iron-
oxidizing bacteria were present.

Finally, a test was conducted with the combination of iron-oxidizing
and sulfur-oxidizing bacteria in the synthetic coal mine water. One
liter of each culture was added to 10 liters of synthetic. The results
are also presented in Table 35. As in the past tests with Thiobacillus
fe:grooxz.dans, the presence of bacteria did not enhance the ox:.da’c:.on of
F: . and, in fact, again resulted in reduction of the Fe®t to the Fe*
state.
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TABLE 35, BATCH TESTS WITH BACTERIA-INOCULATED WATER

"Standard" Test-No Bacteria Thiobacillus ferrooxidans Added

Pime, __Experiment No. 4ho-26 Experiment No. 433-48

in Fe®’, mg/1l Ferp, mg/l Fe®", mg/1 Fer, mg/l
0 2hs 248 227 615
5 208 215 L11 595

10 195 199 ko7 575

15 175 178 Lol 555

30 158 166 397 455

L5 109 130 345 390

60 76 93 324 375

Thiobacillus ferrooxidans and
Thiobacillus thiooxidans Added Thiobacillus thiooxidans Added

Time, __Experiment No. 4ho-25 Experiment No, 4h0-27
zin F, mg/l Fer, mg/l Fe", mg/1 Fer, mg/l
0 219 231 188 560
5 223 233 337 540
10 212 226 331 520
15 199 225 333 540
30 175 193 310 510
Y5 163 180 27 500
60 159 177 272 530
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Continuous Flow Tests -~ As in the case of the batch tests, a "standard"
continuous flow test with no bacteria in the synthetic coal mine water
was conducted. The results of this test are compared in Table 36 with
the results of a test with synthetic containing Thiobacillus ferrooxi-
dans and also with the results of a test with synthetic containing a
combination of Thiobacillus ferrooxidans and Thiobacillus thiocoxidans,
Again, as in the batch tests, reduction of iron back to the Fe * state
was seen in the results of tests with bacteria present.

A further difficulty was experienced in the test with the combination
iron-oxidizing asnd sulfur-oxidizing bacteria. The cultures, as receiv-
ed, contained iron as an energy source for the bacteria. This iron had
been converted to.the Fe®' state by the bacteria during their growth
period. The precipitated ferric iron caused the column to be blocked
at 150 minutes into this test. Flow could then be maintained only by
eliminating the aeration. Flow was continued for an additional 60 min-
utes with no aeration, for a total of 210 minutes.

In sumary, the results of neither the batch nor the continuous flow
tests have demonstrated effective removal of iron from synthetic coal
mine water which had been inoculated with bacteria. In addition, re-
duction of iron from the Fe®* back to the Fe°* state occurred under
these conditions, and this is undesirable to this process.

Tests with Bacteria~inoculated Carbon

Based on results of tests with bacteria, described above, the time
element in oxidation of ferrous iron with carbon-bacteria systems was
considered by conducting tests at least two weeks after suspensions of
bacteria had been mixed with carbon. Both batch tests and continuous
flow tests were conducted with standard synthetic coal mine water and
Nuchar WV-W carbon, 12 x 4O mesh, which had been inoculated with iron-
oxidizing bacteria, Thiobacillus ferrooxidans, 18 days before these
tests so that the bacteria could first adapt to the new enviromment
before being called upon to oxidize the iron. The bacteria were obtain-
ed from Indiana University of Pennsylvenia and were the same as used in
previous tests.

Batch Tests -- The results of "standard” batch tests with no bacteria
were compared with the results of tests with the bacteria-inoculated
carbon, The results of the "standard” batch tests are presented in
Table 37. Two tests of 120 minute duration each were conducted with
the no-bacteria system and two, also of 120 minute duration, with the
bacteria-carbon system. The results of these are also shown in

Table 37. From these data, it is apparent that iron removal was not
enhanced by the presence of bacteria and that there was no evidence of
the reduction of iron back to the Fe®* state as in some past tests with
bacteria. ‘
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TABLE 36. CONTINUOUS FLOW TESTS WITH BACTERIA-INOCULATED WATER

Thiobacillus ferrooxidans and
"standard" Test-No Bacteria Thiobacillus ferrooxidans Added Thiobacillus thiooxidans Added

Time, Ezgsz;mgn; No, 443.5 E;pgz;mgng No. 433- &9 Egggzimg nt No, 4h3-7
min , mg/l Fer, mg/l mg/1

Fe°*, mg/l Fer, mg , mg/l Fer,

o} 235 240 228 590 188 560
5 28 39 166 - 182 184
10 28 29 3P6 338 208 266
15 38 39 Lo1 - 220 292
30 133 150 328 483 278 525
60 156 173 197 588 170 500
90 170 175 184 588 163 540
120 176 182 169 584 150 585
150 182 190 157 590 138% 575%
180 190 196 153 660 120% 565%

* Stopped aeration but maintained flow



TABIE 37. BATCH TESTS WITH BACTERIA-INOCULATED CARBON

"Standard" Tests - No Bacteria Bacteria Added
First Test Second Test First Test Second Test
Time, Experiment No. 440-32 Experiment No. 4h0-35 Experiment No. 4Lo-3l4 Experiment No. 440-36
_min_ Fe**, mg/l Feq, mg/l Fe**, mg/l Fep, mg/i Fe**, mg/1 Feq, mg/1 Fe?*, mg/l Feq, mg/l
0 251 259 251 259 251 259 251 259
5 15 73 10 65 58 670 30 580
10 7 45 6 L7 45 63k 21 570
15 2 30 2 37 25 395 19 570
30 1 17 1 25 2k 370 15 570
45 1 1k 1 18 20 360 11 570
60 1 12 1 17 20 320 11 540
90 1 11 1 13 1k 250 11 505
120 1 8 1l 11 12 205 11 500



Continuous Flow Tests -- The results of the test with bacteria-
inoculated carbon and the 22 in. x 1 in. column are presented in
Teble 38 and compared in the same table with the results of a past
"standard" test and a past test with bacteria which was added to the
water, and not to the carbon. In this test, the carbon in the column
had been inoculated with the bacteria 18 days prior to the test and
growth of the bacteria was encouraged while they were given time to
adapt to their new enviromment.

From the data in Table 38, there is no evidence of the reduction of

Fe®* during the test with the inoculated carbon, in contrast to the
reduction evident during the test with the inoculated water. 1In the
test with the inoculated carbon, there was specific evidence of a sub-
stantial amount of oxidation since (a) greater than 50 percent of the
Fe®* was removed throughout the 6-hour duration of the test, and (b)
during this 6-hour period, there was a substantial difference between
the Fer analyses and the Fe?* analyses at any single point in time.

This was the first evidence from this project of any substantial enhance-
ment of iron removal with iron-oxidizing bacteria.

To examine the long term effects of the iron-oxidizing bacteria-
activated carbon combination, continuous flow tests were conducted
according to the general procedure with the carbon which had been inocu-
lated with Thiobacillus ferrooxidans two months prior to these tests.
Analysis of the water drained from the carbon prior to the tests did not
show the presence of the bacteria. This did not necessarily indicate
that the bacteria had not survived; those which survived could cling
tenaciously to the carbon. The results of these tests are presented in
Table 39. The differences between Fe?* and Fer concentrations at any
point in time during the tests indicated that a significant amount of the
iron had been removed by an oxidation process due to the iron-oxidizing
bacteria which might still have been present. The amount of Fe?* removed
was at the 100 percent level for 34 of the total 42 hours of the seven
6-hour tests. For the entire duration of the test, at least a 50 percent
level of Fe®* removal was attained.

A high level of removal of Fep was also demonstrated durin§$these tests.
Adsorption is the probable mechanism for the removal of Fe ‘

(Fe, = F&®* + Fe®*). The 50 percent removal level for this species of
iron was attained for the same total time period as in the removal of
Fe®*, 34 of the total 42 hours of the tests. At a flow rate of

30 ml/min, this amount of the bacteria-impregnated cgrbon could be used
to treat 61,200 ml of water of this quality and attain 50 percent removal
of the iron. Stated differently, one pound of this carbon could trea@
over 9 gallons of water of this quality based on these tes?s. For this
process to be practical, the removal of iron from actual mine waters mu§t
clearly be more effective than demonstrated in these tests with synthetic

coal mine waters.
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TABLE 38. CONTINUOUS FLOW TESTS WITH BACTERIA-INOCULATED CARBON

] "Standard" Test - No Bacteria Bacteria Added to Water Bacteria Added to Carbon

Time, Experiment No. 443-5 Experiment No. 443-7 Fxperiment No. L4h3-31

min Fé*, mg/l Fep, mg/l Fe®*, mg/l Fep, mg/l Fe*, mg/1 Feq, mg/l
0 235 240 188 560 o224 260
5 28 39 182 184 37 336
10 28 29 208 266 19 223
15 38 39 220 292 20 214
30 133 150 278 525 12 202
45 145 162 180 550 10 211
60 156 173 170 500 24 214
90 170 175 163 540 12 213
120 176 182 150 185 T} 216
150 182 190 138 575 70 20k
180 190% 196% 120 565 83 194
210 - - 145% 600% 100 200
oho - - - - 110 195
270 - - - - 106 191
300 - - - - 11k 211
330 - - - - 1k 191
360 - - - - 108 183

+ Test discontinued after 180 min.
* Test discontinued after 210 min.
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TABLE 39. IONG TERM EFFECTS OF THIOBACILILUS FERROOXIDANS

Experiment Experiment Experiment Experiment Experiment Experiment Experiment
No. Lh0-99 No. b51-2 No. 451-3 No. 451-4 No. 451-5 No. 451-6 No. L51-7
Time ng/l mg/l mg/l mg/l mg/l mg[l mg{l

min’ Fe FeT Fe FeT Fe FeT Fe FeT Fe' FeT Fe FeT Fe FeT
0 250 266 263 286 250 295 253 266 260 279 263 269 250 266
5 0 13 0 Lo 0 75 0 b2 0 62 0 88 0 58
10 0 29 0 52 0 78 0 45 0 71 0o 107 13 71
15 0 23 0 55 0 78 0 k4o 0 9k o 117 13 103
30 0 16 0 71 0 75 0 [T o 1ol 0 120 16 117
45 0 13 0 91 0 8L 0 55 O 104 0 156 26 130
60 0 13 0 97 0 gl 0 75 0o 1ok 0 159 19 136
90 0 23 0 114 o 117 0 9l 0o 127 - - - -
120 0 36 0 120 0 156 0 107 60 127 - 0 175 23 143
150 0 58 0 133 0 19 o 117 o 127 - - - -
180 0 81 o 1s3 0 153 0 123 0 130 3 188 26 195
210 0 89 0 143 0 159 0 131 0 1ko - - - -
240 o 107 0 143 0 169 0 136 0 1k9 32 208 ho 221
270 0 123 0 13 0 166 0 143 0 153 - - - -
300 o 127 0 156 0 169 0 156 0 149 78 201 o0k 224
330 0 120 0. 159 0 169 0 153 0 156 - - - -
360 6 127 0 156 o 172 3 161 0 159 88 208 127 234



Effect of Long Aeration Periods Prior to Testing

While the differences between the effectiveness of iron removal using
this bacteria-inoculated carbon and carbon which had not been inoculat-
ed with bacteria were attributed to the bacteria, there may have been
other reasons for differences in effectiveness. Before using the column
containing the carbon and bacteria, the column was aerated continually
and the ferrous sulfate solution "changed" approximately every other
day (on the weekend, the solution was changed on the third day). The
continual aeration of the carbon for the expressed purpose of maintain-
ing bacterial activity might also have resulted in changing the nature
of the carbon. Lamb and Elder (10) reported (a) that charcoal when
prepared fresh and dry showed a positive test for a peroxide (b) that

no further test for peroxide was seen after extraction of the charcoal
with acid and (c) that the sample of charcoal once extracted could again
be made to give an equally positive test for peroxide by shaking the
residual charcoal with more water and air. The effect of air (oxygen)
on charcoal was also recognized by others (29-34).

To demonstrate the effect of & long aeration period, a comparison was
made between a bacteria-inoculated carbon and a carbon without bacteria.
Each carbon had been aerated continually for at least one month under a
solution of ferrous sulfate which was "changed" every other day. The
first series of continuous flow tests according to the general procedure
was conducted with synthetic coal mine water. The results are presented
in Table 40 and were similar whether bacteria were present or not.

The second series of continuous flow tests was conducted with an actual
coal mine water. The results of these tests are presented in Table 41
end again are similar whether bacteria were present or not.

In both series of tests, aerating the carbons for long periods of time
prior to using them in the tests resulted in very effective removal of
Fe®* accompanied by less effective removal of Fep. An additional con-
tinuous flow test was conducted with activated alumina which was aerat-
ed continually for 18 days prior to the test and a solution of standard
synthetic coal mine water added as in past tests. The results of this
test with actual coal mine water showed virtually no removal of Fe®t
and only a slight removal of Fep, indicating little or no oxidation
with the activated alumina and possibly a slight amount of adsorption
or filtration of precipitated Fe®* compounds by the alumina.

From these tests of relatively short duration, the long seration of the
carbon prior to use resulted in effective removal of Fe®* and less
effective removal of Feq, which is most desirable for this process since
the iron would be oxidized but not adsorbed by the activated carbon.
This favorable removal of iron occurred whether bacteria were present
or not,.
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TABLE 40, COMPARISON OF THE EFFECT OF LONG AERATION PERIODS AND BACTERIA
VERSUS NO BACTERIA ON REMOVAL OF IRON FROM SYNTHETIC COAL MINE WATER

No Bacteria Added Bacteria Added
Experiment No, LLL-95 Experiment No, Lil-96
et Feq Fe2* Fen
Time, Percent Percent Percent Percent
min pH  mg/l Removed mg/l Removed pH  mg/l Removed mg/l Removed
0 3.1 2k - 260 - 3.0 253 - 266 -
30 2.8 0 100 0 100 2.3 0 100 52 80
60 3.7 0 100 0 100 2.3 0 100 68 T4
120 2.5 0 100 Lo 81 2.2 0 100 81 70
180 2.4 0 100 78 70 T 2,2 0 100 101 62
2o, 2.4 0 100 ok 6L 2.2 0 100 10k 61
300 2.4 0 100 110 58 2.2 0 100 110 59

360 2.4 0 100 123 53 2.2 0 100 123 54
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Time,

min

30

60
120
180
2Lo
300

360

TABLE 41, COMPARISON OF THE EFFECT OF LONG AERATION PERIODS AND BACTERIA

VERSUS NO BACTERIA ON REMOVAL OF IRON FROM ACTUAL COAL MINE WATER

No Bacteria

Experiment No. Llil-g7 7

Féz+ Ferp -

Percent Percent
_pH mg/l Removed mg/l Removed
3.i 127 -- 159 --
2.8 0 100 k2 T
2.7 0 100 45 72
2.7 . O 100 62 61
2.8 0 100 62 61
2.7 0 100 62 61
2.7 0 100 65 59
2.7 0 100 68 57

Bacteria
Experiment No. 444-98
Fe®* FerT

Percent Percent
pH  mg/l Removed mg/l Removed
3.1 127 -- 159- -
2.7 0 100 62 61
2.7 0 100 45 72
2.7 0 100 62 61
2.8 0 100 62 61
2.7 0 100 62 61
2.7 0 100 65 59
2.7 0 100 68 57



Tests with Bacteria-inoculated Coal

Tests were conducted using bacteria alone, carbon alone, and combinations
of bacteria and carbon. To examine the effect of the combination of
bacteria and a solid surface other than activated carbon, nine tests

were conducted according to the general procedure but with coal which had
been inoculated with Thiobacillus ferrooxidans 15 days prior to the first
test with this material. The results of these tests seemed to indicate
effective removal of iron with the use of material other than activated
carbon. In spite of the fact, though, that the pH of the effluént from
the column remained low throughout these tests, iron could be seen pre-
cipitating onto the coal in increasing amounts as these tests progressed.
This precipitation, by itself, may have been responsible for the appar-
ently effective removal of iron. Since these tests were conducted near

the end of the project, time was not available for further study in this
area. '

Statistical Design IIT

To further explore the matter of the need for bacteria or long aeration
of the carbon prior to use, a third set of factorial experiments was
designed to cover the effects of water flow rate, amount of carbon,
bacteria versus no bacteria, and aeration rate on continuous removal of
iron from an actual coal mine water. Each series consisted of 16 tests.
In eight of the tests, separate samples of carbon were inoculated with
Thiobacillus ferrooxidans at least 18 days prior to the test, the carbon
columns aerated continually, and a ferrous sulfate solution added period-
ically as in past tests. The other eight tests were conducted with
carbons which had not been inoculated with bacteria. As in past experi-
ments, only the second of two successive tests with each column was
evaluated. The data representing the 16 tests are presented in Table L2,

For ease of interpretation, again the four separate variables are identi-
fied, with the high and low level of each variable being rep?esented ?y
+ and - signs respectively. The procedure for evaluating this fa?to?lal
experiment was identical to that described previously in the Statistical
Design T and IT experiments. The data in Table 42 were again employed in
the calculation of both main effects and variable interactions for the
seven responses for this test using the codified design and ca}culation
matrix previously presented in Table 11 and the procedure previously out-
lined. The main effects are listed in Table L43. :

From the data in Table 43, the most significeant varisble affecting Pe®*
and Fep removal was Variesble 1, the flow rate of the water through the
column, The negative sign for that main effect simply meant that iron
was removed more effectively at the lower flow rate of raw water

(20 ml/min in this experiment). The importance of this variable remained
apparent throughout the durstion of each test as indicated by the.rela-
tively large value for that main effect (See Table 43). In the first few
hours of each test this effect of flow rate was greater on the removal of

103



10T

TABLE 42. RESULTS OF STATISTICAL DESIGN III EXPERIMENT
ON VARIABLES AFFECTING IRON REMOVAL

Variables¥*
1 2 ~3 - U After 30 min After 60 min Affer 120 min After 160 min
Water Amount Aera-~ Fe FeT Fe Fep TFe** Fep Fe** FeT

Flow of Bacte- tion % Re- % Re- % Re- % Re~ % Re- % Re- % Re- % Re-
Test Rate Carbon ria Rate moved moved moved moved moved moved moved moved

T - - - - ~100 100 100 100 100 100 100 100
2 + - - 59 52 36 Ly 3k 37 32 35
3 - + - - 100 100 100 100 100 100 100 100
4 + + - 100 100 100 a7 91 89 79 79
5 - - + - 100 89 100 82 100 60 100 48
6 + - + 75 3P yal 22 62 14 ho 9
7 - + + - 100 100 100 100 100 100 100 100
8 + + + - 100 87 100 73 100 54 100 45
9 - - - + 100 100 100 100 100 100 100 100
10 + - - + 83 1 79 54 70 40 66 Lo
1 - + - + 100 100 100 100 100 100 100 100
i2 + + - + 100 99 95 9 Th 79 67 76
13 - - + + 100 8. 100 66 100 56 100 Ll
1L + - + + 69 Ty} 63 25 51 22 46 25
15 - + + + 100 100 100 100 100 100 100 100
16 + + + + 100 88 100 uh 100 39 100 3
* Variable Identification
Levels
. Variable + -
Water Flow Rate 80 ml/min 20 ml/min
Amount of Carbon 1,000 g 500 g
Bacteria YES NO

Aeration Rate 500 mi/min 50 ml/min
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TABLE 42, RESULTS OF STATISTICAL DESIGN III EXPERIMENT
ON VARIABLES AFFECTING IRON REMOVAL (continued)

Variables¥
1 2 3 l After 240 min  After 300 min After 360 min
Water Amount Rera- Fe°t Ferp Fe* Fer Fe*t Ferp
Flow of Bacte~ tion % Re- % Re- % Re- % Re~ % Re- % Re-
Test Rate Carbon ria Rate moved moved moved moved moved moved
1l - - - - 100 100 100 100 100 100
2 + - - - Lo 2L b1 25 Ly 29
3 - + - - 100 100 100 100 100 100
4 + + - 65 67 26 58 20 57
5 - - + 100 48 92 L1 8L 33
6 + - + - 39 7 37 8 37 8
T . - + + - 100 - 100 100 100 100 100
8 + + + - 100 45 100 42 100 Lo
9 - - - + 100 100 100 100 100 100
10 + - - + 64 38 64 37 68 34
11 - + - + 100 100 100 100 100 100
12 + + - + 59 69 26 58 20 - 57
13 - - + + 100 43 99 Lo 2 39
1k + - + + 43 10 38 o2 43 2L
15 - + + + 100 100 100 100 100 100
16 + + + + 100 29 9 29 76 29
% Variable Identification
Levels
Variable + S
Water Flow Rate 60 ml/min 20 ml/min
Amount of Carbon 1,000 g 500 g
Bacteria YES NO

Aeration Rate ~ =~ 500 ml/min 50 ml/min



Single

Variable:

Single

Variable:

Single

Variable:

Single

Variable:

TABLE U43.

34

MAIN EFFECTS BASED ON DATA FROM

fCONTINUOUS FLOW TESTS

Fe®* Removed, Fer Removed,

Fe® Removed, Fep Removed,

percent ;percent percent percent -

VR o o L)

— w ~ « — @ ~ w

o o , ot & o

§ 8§ ¢ §F & 4 & H§
After 30 Minutes After 60 Minutes

1 -1k25 2 26,00 1  -19,50 1 =~37.25

2 14,25 1 =-25.00 2 18.25 2 26.50

L 2.25 3 =13.00 L 3.75 3 =21.75

3 L 2.50 3 3.00 4 ~4.75
After 120 Minutes After 180 Minutes

1 -271.25 1 =-k2.75 1 -33.50 1 -k4,00

2 18.50 2 29.00 2 20.00 2 28.75

3 5.50 3 =25.00 3 5.50 3 -28.50

4 1.00 L -2.25 L 3.25 h 0.00
After 240 Minutes After 300 Minutes

1 -36.25 1 -50.25 1 -46.13 1 -50.50

2 17.25 2 30.00 3 12.38 2 26. 50

3 6.75 3  -27.00 2 8.88 3 =24.25

Y 2.75 L -.25 L 2.63 L 1.75
After 360 Minutes

1 -43.50 1 -hkg.25

2 8,50 2 27.00

3 T7.50 3 =25.50

L -.75 4 2.00

Designation of Variables:

wononon
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Water Flow Rate
Amount of Carbon
Bacteria

] Aeration Rate



Fep than it was on the removal of Fe?+; but by the end of the 6-hour
tests, the effect was equally pronounced on both Fep and Fe°* .

Of lesser importence was the effect of Variable 2, the amount of carbon
used. The value of the effect of this variable on Fep was epproximately
one-half the value of Varisble 1. This variasble had a practically
insignificant effect on removal of Fe**. The positive value for this
effect meant that greater removel was attained with the greater amount of
carbon used (1,000 g in this experiment). '

Similarly, Variable 3 affected the removal of Fe®' and Feqp to a degree
similar to that of Variable 2, The negative sign for the effect on Ferp
indicated that greater removal of iron was demonstrated when bacteria
were not added to the carbons prior to use. The positive sign for the
effect of this variable on Fe®* indicated that the bacteria aided in the
removal of Fe®*. The effect on Fe®*, though, was much less than the
effect on Fep as indicated by the absolute magnitude of this variable.
These results are consistent with the probabilities that (a) the presence
of iron-oxidizing bacteria or the use of long aeration periods of the
carbon prior to use should aid in the oxidation of Fe®*, and (b) adsorp-
tion of iron onto the surface of the activated carbon as measured by Ferg
would be inhibited by the presence of bacteria blocking the active carbon
sites for adsorption. '

Variable 4, aeration rate, at the levels of this experiment, had no
affect on removal of iron as demonstrated by the relatively small value
for this effect from Table L3,

The values for many two-variasble interactions were as great as those for
Varisbles 2 and 3, but these relatively high values did not persist for
single two-variable interactions throughout the duration of the tests.

Effect of Water Flow Rate

In the first of this series, standard synthetic coal mine water was used.
The results of continuous flow tests conducted according to the general
procedure but with water flows of 30, 100, 150, 200, 300, and 600 ml/u.lin
are presented in Table L. From the data in Table LY, the amount of iron
removed decreased for both Fe'  and Fey with increasing flow rate.

In the second of this series, an actual coal mine water was used. Water
from a tributary of Little Plum Creek, sampling point No. 2 (See Table
31), was chosen. The results of these tests at water flow rates of 30,
60, and 120 ml/min are presented in Table 45. The flow rate of 30 ml/min
is included in the general procedure. Only the results of the second of
two successive tests with water at the specified flow rate are included
in Table 45, for reasons previously discussed. From these data, little
direct relationship could be found between water f%gw rate and removal of
Fe?*. TFor this series of tests, more effective Fe' removal was seen at
the higher flow rate, 60 ml/min, than at a lower flow rate, 30 ml/min,
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Time,

min

)

5
10
15
30
k5
60
90

TABLE 4k, EFFECT OF FLOW RATE ON REMOVAL OF TRON FROM SYNTHETIC COAL MINE WATER

30 m1/min 100 ml/min 150 ml/min 200 ml/min 300 ml/min 600 ml/min

e R e v S g e i R i
Fe®* Fep Fe?* Fep F*  Fep Fe®*  Fep Fe?*  Fep Fe?*  Fep

pH_ mg/l mg/l pH mg/l mg/l pH mg/l mg/l pH mg/l mg/l pH me/l mg/l pH mg/l mg/l

3.0 é53 266 3.0 253 266 3.0 253 966 3.0 253 266 3.0 263 286 3.0 263 286
2.9 166 211 2.8 159 208 2.9 101 137 3.0 9% 101 3.9 192 208 3.1 218 2ho
2.9 162 201 2.9 159 208 2.9 101 1ko 3.3 130 169 3.9 201 2hk 3.1 208 240
3.0 156 162 2.9 153 201 2.9 110 159 3.3 156 205 3.7 237 253 3.1 208 237
2.9 133 179 2.8 153 208 3.0 114 159 3.1 166 205 3.6 244 256 3.0 208 250
2.9 133 166 2.8 159 205 2,9 149 201 3.0 175 201 3.3 250 260 3.0 204 2h7
2.9 130 159 2.8 199 208 2.8 156 224 2.9 179 224 3.2 231 266 3.0 201 240
2.8 143 172 2.8 159 205 2.8 159 218 2.9 175 208 3.1 224 240 3.0 207 2ho
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TABLE 45. EFFECT OF WATER FLOW RATE ON REMOVAL OF IRON FROM
TRIBUTARY OF LITTLE PLUM CREEK, SAMPLING POINT NO. 2.

Flow Rate = 30 ml/min Flow Rate = 60 ml/min Flow Rate = 120 ml/min
Experiment No. 451-26 Experiment No. 451-29 Experiment No. 451-32
Fe*t Fe, Feot Fey, Fe* Feq,
Time, Percent Percent Percent Percent Percent Percent

min  pH mg/l removed mg/l removed pH mg/l removed mg/l removed pH mg/l removed mg/l removed

0 3.0 11k - 282 - 3.3 172 - 227 - 3.2 182 - 256 -
30 4,6 13 89 h2 85 4,6 29 83 71 69 L4 156 1k 185 28
60 4.3 32 72 91 68 k5 71 59 104 54 kb 159 13 182 29

120 4,3 91 20 120 57 Lh o4 L5 120 L7 h.1 156 1k 205 20
180 4.3 99 13 134 52 k.3 97 Lk 117 L8 3.7 188 0 ook 13
240 k.2 101 11 133 53 k.2 101 41 11k 50 3.2 175 L 221 1k
300 4.1 101 11 133 53 4.1 10k Lo 117 48 3.2 169 7 198 23
360 k4,1 101 11 129 5k 3.9 136 21 146 36 3.1 166 9 192 25



However, the least effective Fe®* removal was found at the highest flow
rate of this series, at 120 ml/min. g

Also from these data, the expected decrease in Fep removal with increas-
ing flow rate can be seen.

It must be pointed out here that with this partlcular actual coal mine
water sample, the rate of removal of either Fe* or Fen was not good at
any flow rate, nor as good as was obtained in earlier %ests with syn-
thetic coal mine water. The reasons for this have not yet been clearly
defined, but the low dissolved oxygen content of this water as sampled
hes already been discussed.

In the last of this series, the combined activated carbons from the
Statistical Design IIT experiment, a total of 6500 g of carbon, were
placed in a 52 in. x 5 in. column. The carbon was aerated continually
for about 3 weeks with & ferrous sulfate solution added periodically as
in past tests. This carbon was then used in tests with actual coal
mine water with water flow rates of 20, 200, 400, 800, and 1600 ml/min.
Water from a tributary of Little Plum Creek, sampling point No. 1, was
seclected because of the high concentration of iron in this water. The
results of these tests are presented in Table 46. Generally speaking,
the results show a decrease in iron removal with increasing flow rate.
These data will be employed more fully in the following section.
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TABLE 46. EFFECT OF FLOW RATE ON REMOVAL O
F IRON FRO
OF LITTLE PLUM CREEK, SAMPLING POINT NO.RlM TRIBUTARY

Time, Fe?* Fe
min pH_ mg/l Percent Removed ng/l Percegt Removed
Flow Rate 20 ml/min Experiment No. 451-75
0 2.8 279 - - "

60 2.7 0 100 h:ng o7
120 2.7 0 100 13 o
180 2.7 0 100 1 o
240 2.8 0 100 1% o
300 2.8 0 100 16 o

6 | %
360 2.8 0 100 16 9.

Flow Rate 200 ml/min Experiment No. 451-78
o 2.9 282 - 4o2 -

60 2.7 45 8l | 156 63
120 2.7 55 80 182 57
180 .2.7 8L 70 2L 42
-2ho 2.6 104 63 286 32
300 2.6 117 59 325 23
360 2.6 136 52 334 21

Flow Rate 40O ml/min Experiment No. 451-77
0 2.8 o292 - L -

60 2.6 kg 83 agg 46
120 2.6 75 T4 34 e2
180 2.6 127 57 370 15
240 2.7 172 41 373 1k
300 2.7 179 39 373 1k
360 2.7 201 31 373 1k

Flow Rate 800 ml/min Experiment No. 451-76
0 2.8 318 - 4b8 -

60 2.5 0 100 295 3L
120 2.5 0 100 354 21
180 2.5 62 81 383 15
240 2.6 133 58 390 13
300 2.7 188 41 373 17

Flow Rate 1600 ml/min Experiment No. 451-79
0 2.8 286 - L68 -

60 2.6 172 ko 419 10
120 2.7 201 30 k19 10
300 2.7 231 19 419 10
360 2.7 23k 18 19 10
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SECTION VI

SUMMARY EVALUATION OF TRON REMOVAL WITH ACTIVATED CARBON

Based on the results of the laboratory studies which were presented in
the preceding section, the following is a summary evaluation of the
process for removal of iron from acid mine drainage with activated
carbon.

Aeration with No Carbon Present

To demonstrate the effect of aerating acid mine drainage containing
ferrous iron at low pH, the following experiment was performed. A

19 in. x 3 in. glass column was packed with approximately 800 g of

3/8 in.-diameter glass beads and a continuous flow test conducted
according to the general procedure with actual coal mine water contain-
ing Fe®*. The results are presented in Table 47. From these data,
aeration of the acid mine drainage at low pH in the absence of activated
carbon had no effect whavsoever on removal of iron.

Aeration with Activated Carbon Present

From the results of the laboratory studies described in the preceding
section, aeration of acid mine drainage in the presence of activated
carbon resulted in removal of iron from the water at a rate which was
affected greatly by the experimental conditions. In additgon, it was
also demonstrated that the relative rates of removal of Fe®* and Fe®*
were influenced by the experimental conditions. The removal of Fe?*
proceeded by a combination of oxidation and adsorption. The removal of
Fe®* proceeded by adsorption. The most desirable mechanism for removal
of iron from acid mine drainage is removal of only Fe** by oxidetion.
This oxidation would result in conversion of Fe®* to Fe®* which would
then remain in solution. The activated carbon would not eventually be
rendered inactive and would not need to be replaced with fresh activated
carbon. Removal solely by an oxidation process, however, has not been

experienced on this project.

In the last series of tests on this project, the experimetnal conditions
selected were those found from all previous tests to result in most
effective removal of iron. The results of these tests with 6500 g of
carbon and actual coal mine water flow rates of 20, 200, 400, 800, and
1600 ml/min were listed in Table 46. For the purposes of this evalua-
tion, the data from Table 46 were plotted in Figure 17 and cons1de?atlon
given to the time during which 50 percent of the Fe?t was removed in
these tests. The 50 percent level of iron removal was somewhat arbitrar-

ily chosen as an attainable, or, at least, a measurable goal.
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TABLE 47. EFFECT OF AERATION ON REMOVAL OF IRON, NO CARBON

Time, Fe?* Fer
_min PH_ mg/l Percent Removed mg/l Percent Removed
0 2.7 350 0 535 0
5 2.7 350 0 535 0
10 2.6 350 0 535 0
15 2.6 350 0 535 o)
30 2.6 350 0 535 0
60 2.6 350 0 535 0
120 2.6 350 0 535 0
180 2.6 350 0 535 0
2ho 2.6 350 0 535 Y
300 2.6 350 0 535 0
360 2.6 350 0 535 0
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Figure 17. Effect of Water Flow Rate on Removal of Fe2+
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As can be seen from Figure 17, at a flow rate of 20 ml/min, 100 percent
of the Fe®' was removed for the duration of the test. This flow repre-
sents only a few gallons of water treated per day, a rate too small to
be treated practically. At that low water flow rate, no indication was
given of the deterioration of the carbon with time during this short
test. Conversely, from Figure 17, at the highest water flow rate,

1600 ml/min, the rate of removal was very low and the 50 percent level
of removal was never attained.

For this evaluation, consideration was given first to the tests at a
water flow rate of 200 ml/min. A 50 percent level of Fe®* removal was
attained for slightly better than 6 hours in this test. At 200 ml/min,
this corresponds to a rate of approximately 19 gallons treated to the
50 percent Fe®* removal stage in a 6-hour period using 6500 g of carbon
before the carbon was spent. At about 22 cents per pound for the par-
ticular carbon used, this represents 0.75 1lb of carbon necessary to
treat one gallon of water, or a materials cost of $165 per thousand
gallons of water treated.

Similarly, at a flow rate of 800 ml/min, 6500 g of carbon was used to
treat approximately 51 gallons of water in a 4-hour period to the

50 percent level of Fe®* removal. At the same price per pound of
carbon, this corresponds to a materials cost of approximately $62 per
thousand gallons of water treated. (From Figure 17, the apparently
more effective removal of Fe®* at 800 ml/min as compared to 400 ml/min
can be attributed simply to the fact that the 800 ml/min test was con-
ducted prior to the 400 ml/min test and the carbon had not yet been
rendered quite so inactive.)

Since  total costs for treatment of acid mine drainage including chemi-
cals, labor, capital cost, etc., are reported to be from about 10 cents
to slightly more than $1.00 per thousand gallons of water treated, it
is clear that cost of treatment with activated carbon based on these
studies would be prohibitive to the use of this process for acid mine
drainage.

It is felt that further studies in this area might result in some in-
creases in the rate of removal of iron with activated carbon by changes
in the configuration of the reactor or by using many columns in series.
Increases in the rate of removal of a sufficiently large magnitude to
make this process practical are not anticipated.

The key to a practical process seems to be in finding a method of
easily removing the adsorbed iron from the carbon. These studies have
shown that this adsorbed iron clings tenaciously to the carbon thereby
rendering it inactive. "Regeneration" of the spent carbon should not
be considered in the classical sense; i.e., reactivation and removal of
adsorbed contaminants by a heat treatment step. Neither heat treatment
nor an acid wash, as found from these studies, will remove adsorbed
iron from the activated carbon.
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Another possibility is that a replacement for the activated carbon might
be found which might react similarly and yet not adsorb iron so strongly

or else be sufficiently inexpensive that once having adsorbed the iron,
the spent material might be discarded.

A third possibility is that some level o¢f iron removal less than 50 per-
cent might be tolerated in a continuous treatment system, such as in a
limestone neutralization system. The effectiveness of this combination

on an activated carbon-limestone treatment process can only be ascer-
tained by actually testing such a system.

In summery, a method has been found for removing iron from acid mine

drainage containing ferrous iron by using activated carbon. The method,
though technically feasible, is prohibitively expensive.
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